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Sterols are ubiquitous membrane-active molecules that regulate the fluidity cellular 
membranes. Specifically, cholesterol (Chol) plays an active role in modifying the 
functionality of the membrane proteins. Chol is vital for cell function, as it is essential to a 
myriad of biochemical and biophysical processes. Furthermore, Chol is involved in 
numerous important processes such as regulation of membrane properties and signaling 
events. However, the exact mechanism or structural understanding of Chol’s role in these 
events is not always well resolved. Here we utilize solid-state NMR (SSNMR) to probe 
the atomistic interactions of Chol with membranes and other related systems. 
Collaboration with synthetic and computational groups has enabled a powerful 
multidisciplinary approach to study these systems using SSNMR, biosynthesis, molecular 
dynamics (MD) simulations and quantum mechanics (QM) calculations.  
The atomistic details of Chol's interactions with phospholipids and proteins are of 
fundamental interest, and spectroscopic methods that interrogate these properties at high 
resolution remain an attractive area of research. Towards this end, here we describe a 
high-yielding biosynthesis of 13C-labeled Chol and magic-angle spinning (MAS) SSNMR 
approaches to examining the structure and dynamics of Chol in lipid bilayers. We quantify 
the incorporation levels of 13C enrichment and demonstrate high sensitivity and resolution 
in 2D 13C-13C and 1H-13C spectra, enabling de novo assignments and site-resolved order 
parameter measurements throughout the entire molecule. Additionally, with highly-
enriched 13C-labeled Chol, we obtained these measurements in a fraction of the time 
required for experiments with natural abundance sterols. We envision many potential 
future applications of these methodologies to study sterols and their interactions with 
drugs, lipids and proteins. 
The long-standing challenge of an accurate description of membranous Chol 
dynamics at atomistic resolution has been addressed by decades-long efforts, but is still 
not completely resolved. In particular, the structure, dynamics and interactions of the 
middle portion of Chol are largely undescribed because 2H or 13C-Chol are commercially 
available with labeling only at the head or tail. A novel combination of new SSNMR 
experiments, computational MD and QM methods captured dynamics and the chemical 
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environment of uniformly-labeled 13C Chol. The agreement between experiment and 
computation led to the determination of the tail conformational ensembles present in the 
membrane. The molecular motions of Chol appear to be coupled to specific tail 
conformations. Our integrated experimental and computational approach enables the 
detection of changes in sterol dynamics, which can be used to elucidate important 
interactions with other membrane agents. 
Using 3D SSNMR experiments that recouple 1H-13C dipolar couplings and employ 
a through-bond scalar mixing, MD simulations of Chol in lipid bilayers and QM 
calculations, we additionally aim to understand the key interactions that determine the 
sterol-specificity to Amphotericin B (AmB), a powerful antifungal drug used to treat life 
threatening fungal infections. AmB forms large aggregates that are neither crystalline nor 
soluble, so structural information is difficult or impossible to obtain via x-ray 
crystallography or solution-state NMR. We have recently determined that AmB kills yeast 
cells primarily by binding to ergosterol and forming a large extramembranous sterol 
sponge. This model hypothesizes that interactions of AmB with ergosterol determine its 
ability to kill yeast, whereas binding to Chol is responsible for toxicity in human cells. 
SSNMR spectroscopy is uniquely able to detect and quantify the binding of sterols to AmB 
in the sterol sponge at atomistic detail. Results from these studies will provide an avenue 
to an improved therapeutic index for this drug. Additionally, we hope to expand the use 
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CHAPTER 1: INTRODUCTION 
 
 Biological relevance of sterols 
Sterols are important in numerous biochemical and biophysical processes of all 
living organisms. Cholesterol (Chol), the sterol present in mammalian cells, functions as 
an important regulator of membrane order, permeability, thickness and lateral 
organization,1–3 but is also involved in protein regulation.1,4–6 Additionally Chol (Figure 
1.1), can serve as a precursor to steroid hormones and bile acids.7 Although Chol plays 
vital roles in these systems, detailed mechanistic understanding of how Chol influences 
and impacts lipids and proteins remains elusive. For example, a recent study by Vogel et 
al. revealed the importance of the aliphatic tail of Chol to play a significant role in 
membrane condensation.8 Another study reported that while Chol is not required in the 
formation of death receptor 5 (DR5) networks, Chol is necessary to the proper structure 
and function of these DR5 networks, an essential apoptosis inducer.9 More recently, 
Chol’s interactions with the influenza M2 protein have been found to cause membrane 
curvature and scission of the budding virus.10,11 As an essential component of cellular 
membranes, Chol, Chol-lipid and Chol-protein systems remain an intense areas of 
research.12  
Specific key areas of research have focused on determining the physical 
properties of Chol, which have been indicated to play important roles in impacting the 
physical properties of the membrane.6,13,14 For most sterol systems, the lipids and/or 
proteins are investigated thoroughly, whereas the sterol dynamics and conformational 
changes are rarely inspected. However, there are a few noteworthy examples.15–18 
Figure 1.1: Structure of Chol, with first four fused rings referred to later in the text as A, 
B, C and D, respectively. 
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Chol’s’s physical properties such as tilt,19–25 order parameters26–29, acyl-chain dihedral 
angles16,30, distribution31 and Chol’s impact on lipids16,19,21,22,32–35 have been studied using 
a variety and combination of both experimental and computational techniques. Sterol tilt 
is the orientation of the long axis of Chol relative to the membrane normal, we define the 
long axis defined as the vector from the C3 to C17 carbon, similar to previous 
studies.1,2,19,21,22,36–38 Most of the previous studies of Chol orientation and dynamics in 
membranes utilized either 2H or 13C-labeled Chol which is available commercially with 
labeling at the A-ring or tail sites. Thus, many of the previous studies which measured the 
order parameter or tilt of Chol in membranes relied only on a few labeled positions and 
extrapolated data to the rest of the molecule. For example, previous studies report a 
molecular order parameter23,28,39 for Chol, rather than segmental order parameters. The 
tail dihedral angles of Chol (f1, f2, f3, f4, f5)have been implicated with the ability of Chol 
to influence membrane fluidity and lipid packing, and has been studied by MD 
simulations.8,15,30  
Despite the limitations with selective isotopic labeling of Chol, solid-state NMR 
(SSNMR) spectroscopy has been a powerful and essential technique that has greatly 
added to our fundamental knowledge of membranous Chol.40 SSNMR offers the ability to 
study solid-state systems, e.g. multi-lamellar vesicles, obtain measurements of molecular 
motion and re-orientation, as opposed to single-crystal x-ray diffraction. SSNMR is also 
advantageous to study Chol in bilayers because offers the possibility to examine the 
Figure 1.2: Comparison of Chol structures, Chol is featured on the left, and NBD Chol is 
shown on the right. 
3 
 
natural system without the need of bulky Chol analogues which are unrepresentative of 
Chol’s structure. For example, NBD (22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
23,24-bisnor-5-cholen-3ß-ol) Chol has a bulky fluorophore group attached at the end of 
the tail, thus the results gained from fluorescence experiments must be interpreted with 
caution, as a predicted model of the actual molecule and results from these studies have 
been met with skepticism,41,42 see Figure 1.2. Additionally, molecular dynamics (MD) 
simulations have contributed greatly to the lipid field43 by modeling the molecular 
interactions in membranous systems. Improvements in the force-fields used in the 
simulations have reproduced physical properties of lipid bilayers observed 
experimentally.44,45  
Many of the membranous Chol MD simulations results were compared to previous 
NMR studies which involved limited labeling of Chol. While the fused-rings and tail of Chol 
were well described, the middle of the molecule and atomic details of physical properties 
remained elusive with the field’s current technical pathway.  We developed an approach 
to further elucidate the structure and dynamics of Chol in lipid bilayers using a novel 
method which involves the synergy between a highly-enriched 13C-Chol and high 
resolution magic-angle spinning (MAS) spectra.  This method enabled the collection of 
Figure 1.3: Combination of both SSNMR and computational methods to reveal coupled 
segmental dynamics of membranous Chol.  Unique 3D scalar dipolar couplings and MD 
simulations, quantum mechanics calculations were leveraged to reveal coupled dynamics 




de novo 13C chemical shift assignments, site-resolved order parameters for dozens of 
sites in one spectrum which simplifies experimental controls and cross-correlation 
analysis. A benefit to using U-13C-Chol is the shorter amount of time required for these 
experiments compared to  natural abundance sterols in membranes46. Additionally, 
through a unique combination (Figure 1.3) of new SSNMR and computational MD and 
QM methods, we captured the dynamics and chemical environment of uniformly-labeled 
13C Chol with site-specific resolution. Good agreement between experimental and 
computational data was observed and ultimately determined Chol’s tail conformational 
ensembles in POPC membranes above the liquid phase transition. Further, the molecular 
motions of Chol were found to be coupled to specific tail conformers. We anticipate our 
methods to have far reaching applications to study sterol interactions with lipids, proteins 
and drugs in a variety of diverse systems. 
 
 Ergosterol and amphotericin B interactions 
Similar in structure and function (Figure 1.4) to Chol, ergosterol (Erg) is also a vital 
part of fungal membranes. Because Erg is essential to fungal cells, it is a frequent target 
of antifungal drugs.47 For example, Amphotericin B (AmB) is a potent antifungal drug used 
to treat systemic fungal infections for over fifty years with close to zero clinically relevant 
microbial resistances.48 The mode of action of AmB is to extract Erg from fungal cell 
membranes,49 thereby killing the yeast. More specifically, Anderson et al. were able to 
demonstrate that AmB forms an extramembranous aggregate50 through paramagnetic 
relaxation enhancement (PRE) experiments and transmission electron microscopy (TEM) 
HO
H H
Figure 1.4: Erg structure with differences between Erg and Chol structures shown in 
orange. Ergosterol has two more degrees of unsaturation, in the B ring and tail, and an 
additional methyl group in the tail. 
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techniques. In these experiments, a stable radical spin label was placed on the 1-
palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine lipid, either at the 5 or 16 
position (Figure. 1.5). Moieties closer to the spin label experienced the greatest relaxation 
enhancement and moieties farther away from the spin labels experience less signal 
relaxation enhancements. This was demonstrated in the POPC carbons of the control 
experiment, where the carbons nearest to the headgroup displayed the greatest 
relaxation in the 5-DOXYL sample, and those closest to the tail of the lipid experienced 
the greatest relaxation in the 16-DOXYL sample (Figure 1.5). The PRE measurements 
throughout AmB revealed that no significant relaxation was observed in either the 5- or 
16-doxyl sample, indicating the AmB was neither embedded in the membrane, nor near 
the surface of the bilayer. These observations collectively can be explained by a model 
in which AmB assembles as a sponge outside the membrane, in order to bind sterols; 
i.e., a sterol sponge, depicted Figure 1.6. As more AmB was titrated into the system, the 
PREs decreased for the carbons on Erg, indicating that AmB was pulling Erg out of the 
membrane, and away from the DOXYL labels. Additional spin-diffusion experiments, 
which are similar to a long-range nuclear Overhauser effect (NOE), further confirmed that 
the aggregate was outside the membrane, and was in contact with water. Additional 
Figure 1.5: Various DOXYL spin labels either at the 5 or 16 position on the acyl chain of 
the lipid. The control experiment is depicted to the right, showing that the carbons closer 
to the spin label experience the greatest amount of relaxation. 
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studies were needed to further confirm that the PRE effect decreasing with increasing 
AmB concentration was not due to the extraction of DOXYL lipids out of the membrane 
by AmB. This was proved by measuring the chemical shift perturbations for each carbon 
on the Erg molecule. The authors reported that certain carbons displayed up to a 2 ppm 
perturbation of carbon chemical shift, indicating that close-intermolecular contacts 
between AmB and Erg were present. More specifically, Erg order parameter 
measurements taken with and without the presence of AmB revealed conclusive evidence 
that Erg rigidified upon binding to AmB, as demonstrated by the increase in order 
parameters. 
Even though AmB is the gold standard for treating systemic fungal infections like 
cryptococcal meningitis, AmB is used as a last resort because of the very severe side 
effects. Partly due to the dose-limiting toxicity, the mortality rate for these infections is has 
been reported around 27% from a study51 performed in 2001, in which 54% of patients 
who developed acute renal failure after receiving AmB died. This study by Platt and co-
workers51 demonstrated a positive correlation AmB and renal failure, and indicated that 
mortality rates for AmB can vary widely depending on dosage. While the cost of AmB to 
human health is high, the authors51 demonstrated that the development of acute renal 
failure while receiving AmB is associated with the high monetary cost of this therapy. 
It is hypothesized that severe toxicity observed in humans while receiving 
treatment of systemic fungal infections arises when AmB extracts Chol out of our 
membranes, as this lipid is vital for the proper functioning of our cells. In fact, an AmB 
derivative, C2’-deoxyAmB binds Erg selectively over Chol, and is potent to yeast cells, 
and non-toxic to human cells in vitro.52 Our aim is to understand the key interactions that 
Figure 1.6: Sterol sponge model with AmB in grey ovals with blue spheres and green 
representing intercalated Erg. 
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determine the sterol-specificity of AmB, which will provide an avenue to an improved 
therapeutic index, potentially leading to new analogs of AmB that are specifically toxic to 
fungal cells but not to humans. Towards this aim several AmB-Erg complexes have been 
used to further investigate the chemical shift perturbations of bound Erg, as well as site-
specific interactions between Erg and AmB.  The chemical shift perturbations revealed 
that Erg has multiple bound-poses in the AmB-sterol complex. The site-specific 
interactions observed in the spectra exposed correlations between AmB and Erg 
occurring at both head to head and head to tail. In summary, we propose a model of AmB-
Erg interactions based on the correlations observed between AmB and Erg. 
 
 Amphotericin B and Chol interactions 
Initial experiments on the AmB-Erg complex revealed 13C chemical shift 
perturbations throughout Erg upon binding.  However, this was not the case with a 40:8:1 
POPC:AmB:U-13C-Chol sample (Figure 1.7).  While no 13C chemical shifts were 
observed, this did not rule out interactions between AmB and Chol, as we know that AmB 
does bind Chol.  Future experiments on the AmB-Chol complex in the absence of lipids 
and will not only be investigating 13C chemical shift perturbations, but also changes to the 
order parameters.  Towards this end, computational techniques, in parallel with 
experimental work, are being employed to investigate these interactions.  For example, 
MD simulations and QM calculations are being used to understand AmB with and without 
the presence of Chol.  Together, through a unique combination of experimental and 
computation methods, we will leverage the differences in binding between sterols to AmB 
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Sterols are essential in numerous biochemical and biophysical processes inside 
the cell. Cholesterol (Chol), the major sterol present in mammalian cells, is a key regulator 
of membrane order, permeability, thickness and lateral organization1-3 and ultimately 
membrane protein function.1,4,5 The regulatory roles of Chol depend directly upon its 
atomistic interactions with other sterols and phospholipid molecules.6-8 In fact, Chol has 
also recently been implicated to have an essential role in HIV-mediated viral fusion9 and 
ligand binding leading to apoptosis.10 The orientation and dynamics of Chol were 
demonstrated to be essential for its regulatory roles,11,12 although molecular details of the 
mechanism are still lacking. Additionally, the atomistic specificity of sterol interactions with 
a variety of proteins is of increased interest, especially because Chol is a major 
component of mammalian membranes (typically 50 mol%).13 For example, Chol interacts 
with the amyloid precursor protein and may play a key role in amyloidogenesis related to 
Alzheimer’s disease.14 These many applications underscore the broad significance of 
impactful methods to study this ubiquitous molecule in its native bilayer environment. 
Much of what is known about the detailed structure and dynamics of Chol in lipid bilayers 
comes from experimental NMR studies, combined with molecular dynamics (MD). 
Extensive 2H and 13C studies of Chol have reported order parameters and restraints on 
the orientation in the bilayer from 2H NMR15-27 and 13C NMR.28-30 However, previous NMR 
dynamics investigations focused on a limited number of labeled sites15-25 and/or used 
bulky analogs of Chol,31,32 which are known to behave differently in membranes than the 
native sterol.2,33 Additionally, MD simulations of Chol in bilayers have been utilized to 
ascertain the orientation and fast timescale dynamics (usually <100 ns) at some sites.11,34 
Unfortunately, the rigorous comparison of MD with NMR data has often been limited to 
the A ring and tail of Chol, due to the relative ease of labeling these portions of the 
                                            
† This chapter has been reproduced from the following publications with permission from the authors. 
Della Ripa, L. A.; Petros, Z. A.; Cioffi, A. G.; Piehl, D. W.; Courtney, J. M.; Burke, M. D.; Rienstra, C. 
M. Solid-State NMR of highly 13C-enriched cholesterol in lipid bilayers, Methods, 2018, 138-139, 47-53. 
17 
 
molecule.29 For example, the most readily available commercial versions of 2H and 13C-
Chol are (3,4-13C2), (2,3,4-13C3), (23,24,25,26,27-13C5), (3-D1), (6-D1), (7-D1), (2,2,3,4,4,6-
D6) or (25,26,26,26,27,27,27-D7) (from Cambridge Isotope Laboratories, Sigma Aldrich, 
and Avanti Polar Lipids). Highly enriched Chol would potentially enable more complete 
global analyses of structure and dynamics, as has been demonstrated to be critical for 
the high-resolution determination of membrane protein structures. 
Here we provide methodological contributions into this active research field 
including: (1) a cost-effective production of highly 13C-enriched Chol on the >10 mg scale; 
(2) quantitative analysis of labeling patterns for uniform and 2-13C-acetate forms; (3) 
collection and assignment of multidimensional scalar and dipolar magic-angle spinning 
(MAS) solid-state NMR (SSNMR) spectra; and (4) determination of 1H-13C dipolar order 
parameters. 
 
2.2 Cholesterol biosynthesis growth 
Several yeast extract, peptone and dextrose (YPD) plates were prepared using 10 
g/L of yeast extract, 20 g/L of peptone, and 20 g/L of agar. Water was then added to this 
mixture and autoclaved for 30 min. The mixture was cooled for about 20 min and 50 mL 
of 40% dextrose solution was added. The plates were then poured and left to cool and 
solidify. Once the plates solidified, the Rh6829 strain35 was streaked onto several plates 
and left to incubate for 24–48 h until single colonies were visible. Approximately 1 L of 
media was prepared for the inoculation of the cell colonies. The media consisted of 950 
mL milliQ water, 40 mg uracil, 40 mg leucine, 1.35 g 13C-sodium acetate, 7 g yeast 
nitrogen base with amino acids, and 5 g yeast extract. The mixture was autoclaved for 30 
min and 50 mL of 40% sterile-filtered dextrose solution was subsequently added to the 
mixture. 5 colonies of the Rh6829 strain were added to 1 mL of media. 1 mL of the 
inoculated media was poured back into the 1 L cultures. The 1 L cultures were then 
incubated at 30 °C for ~48h until the mixture was confluent. 
 
2.3 Harvesting the 13C-Chol 
Once confluent, the 1 L cell cultures were spun down at 3000g for 30 min, 950 mL 
of the media were poured off and the cells were re-suspended in approximately 50 mL of 
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the remaining media. The re-suspended cell mixtures were transferred to 50 mL conical 
vials and were then spun down in a centrifuge at 3000g for 5 min. The supernatant was 
discarded and the cells were re-suspended in 50 mL milliQ water and were then spun 
down at 3000g for 5 min, (repeated 3 times). After pouring off the water from the final 
wash, 15 mL of 0.1 M HCl was added to each vial. The mixtures were vortexed and added 
to a 1 L round bottom flask. The cells were heated at 90 °C and stirred at 700 rpm for 1 
h. The mixture was then transferred to a 5 L 3-neck round bottom flask. The 1 L round 
bottom flask was rinsed with 300 mL of 200 proof ethanol and the solution was transferred 
to the 5 L 3-neck flask. Additionally, the 1 L round bottom flask was rinsed with 1 L of 50% 
aqueous KOH and transferred to the 5 L flask. The mixture was stirred at 150 rpm and 
refluxed for 1 h. After allowing the flask to cool to ambient temperatures, the mixture was 
transferred to a 4 L separatory funnel. The 3-neck flask was rinsed with 400 mL petroleum 
ether and poured into the separatory funnel. The organic layer was collected and aqueous 
layer was rinsed with petroleum ether (4  400 mL). The organic layers were combined, 
dried with sodium sulfate and filtered into a round bottom flask. The solvent was removed 
under reduced pressure to ca. 5 mL and transferred to a 40 mL IChem vial and the 
volatiles were removed in vacuo and the sample was dried overnight. 
 
2.4 Cholesterol purification 
The crude material after harvesting is light tan (~70% pure). Purification was 
carried out by preparative HPLC using an Agilent Prep-C18 10 mm, 30  150 mm column 
at 4 mL/min, with detection at 282 nm. The labeled cholesterol was dissolved in ethyl 
acetate and filtered into an HPLC vial. A mixture of isocratic acetonitrile:ethanol (30:70) 
was used as the mobile phase. The retention time was about 20 min. Once the sample 
has been retained after purification, the solvent was removed under reduced pressure 
yielding a colorless solid, >95% pure. The sample vial was stored at -20 °C. 
 
2.5 Lipid bilayer reconstitution for solid-state NMR  
SSNMR samples were prepared in approximately 20 mg batches of either 10:3 or 
40:1 (1-palmitoyl-2-oleoyl-sn-glycero-3- phosphocholine (POPC): U-13C Chol. 13C-Chol 
was added to the lipid (Avanti, 850457C, 10 mg/mL in chloroform), swirled until dissolved, 
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and dried under a flow of nitrogen or argon gas. The lipid-sterol film was then placed 
under high vacuum overnight. Freshly prepared HEPES buffer of pH 7.0 and water were 
added to the dry film, which was subsequently vortexed (1 min) and sonicated (3 min). 
The solution then underwent 5 freeze-thaw steps that included freezing the sample vial 
in liquid nitrogen and thawing under running water. The solution was frozen a sixth time 
and immediately placed in the lyophilizer overnight to yield a white powder. After 
lyophilization, the sample container was flushed with argon before removing the powder 
and recording its final mass, and the powders were stored under argon. The powders 
were packed into 3.2 mm standard rotors and hydrated to ~33% by mass with deionized 
water.  
 
2.6 SSNMR data collection & analysis 
Constant-time uniform-sign cross-peak (CTUC COSY)36 750 MHz (1H frequency) 
13C-13C NMR spectra were acquired at 20 °C. Spectra were processed using NMRPipe37 
and analyzed using the Sparky program (3.115) for peak-picking.38 
600 MHz (1H frequency) R48318 2D 1H-13C dipolar recoupling spectra were 
acquired at 20 °C, and a MAS rate of 13.051 kHz; 36 points were collected in the 
dephasing dimension, for a maximal dephasing period of 1.38 ms. Spectra were 
processed using NMRPipe37 and analyzed in the Sparky program for peak picking. 
NMRPipe was used to extract out the time-domain trajectories. 
The time-domain dipolar coupling dephasing trajectories were analyzed using an 
in-house model-free fitting program, Iota_MF (written in Python), which Fourier transforms 
the data to the frequency domain prior to fitting. The Iota_MF program analyzes the data 
by Average Liouvillian Theory (ALT). The resulting simulated fits yield a scaling factor and 
angle for each coupling as well as an overall relaxation value. Line shapes were first fitted 
using only directly attached protons. 
 
2.7 Determining 13C labeling efficiency using quantitative solution NMR 
To ascertain the labeling percentage, quantitative proton and carbon spectra were 
collected. The quantitative 1H NMR spectrum was collected without 13C decoupling, in 
order to observe the proton multiplicity due to the 13C-1H scalar coupling. The central peak 
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represents the population of protons attached to 12C, while the satellite multiplets depict 
the population of protons attached to a 13C-labeled atom. The ratio of the satellite peaks 
over all peaks yields the labeling percentage. Integration bounds for the proton spectra 
were 25 times the half maximal linewidth. This labeling percentage was related to the 
quantitative carbon spectrum. Integration bounds for the carbon spectra were 25 times 
the half maximal linewidth, when possible. For example, the [2-13C-acetate] Chol 
spectrum did not have any overlapping carbon resonances so it was possible to use 25 
times the half maximal linewidth for all peaks. However, for the U-13C-Chol carbon 
spectrum, due to spectral overlap it is only possible to integrate using that range for 6 out 
of the 16 resolved resonances. Additionally, 13C –labeled isotopomers of C13 analysis 
was used to confirm the labeling percentage of U-13C-Chol. 
The C13 multiplet from Figure 2.6D was used to determine the various 13C-labeled 
populations of C13.  As depicted in Figure 2.1 below, Peaks B and D represent the 
splitting which occurs when a labeled C13 is next to either a labeled C17 or C18.  Peaks 
A and E occur when a labeled C13 is next to both a labeled C17 and a C18 molecule.  
The overall multiplet structure can be represented as the sum of the possible multiplets 
which occur, shown in part A of Figure 2.1.  The middle peak C is a sum of 2z + x.  Where 
x represents the amount of labeled C13 next to both 12C C17 and 12C C18.  The areas of 
the peaks were determined using MestreNova’s Select Line Fitting Region(s) tool.  The 
breakdown of the analysis is demonstrated below in Table S2.  The grey line in Figure 
2.1 represent the residual between the data and the sum (dotted red) of the line fitting 
(blue) of each peak. Thus, the following correlations are depicted in equations 1-3 : 
 C = x = 2z   (1) 
 B, D = y   (2) 
 A, E = z   (3) 
 
It was then possible to solve for the various populations, in which 3% of the population 
C13 is not near any labeled C17 and C18, 24% of the population C13 is connected to 
















Figure 2.1: A) Sum of multiplets from various C13 populations resulting in the B) 
observed multiplet, analyzed by global spectral deconvolution. The experimental data is 
shown in black, the peaks A-E are drawn in blue, and the sum of the fits are represented 
by the dotted red line.  The residual between the experimental (black) and the sum (dotted 
red) is shown in grey. 
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2.8 Biosynthesis and determination of labeling efficiency of 13C-Chol  
We employed a biosynthetic procedure utilizing a genetically modified S. 
cerevisiae strain capable of producing isotopically labeled Chol,35,39 instead of its native 
sterol (ergosterol). Here we utilized 13C-labeled sodium acetate, which enables uniform 
labeling (with 1,2-13C-acetate) or fractional (‘‘skip” or ‘‘checkerboard”) labeling with 1-13C- 
or 2-13C-acetate, and found the yields to be more cost effective than the fractionally 
labeled glucose variants. Specifically, the acetate biosynthesis yields approximately 10 
Figure 2.2: Quantitative Solution NMR of U-13C Cholesterol. (A) 600 MHz Quantitative 
1H NMR spectrum showing the C3 region used to interpret labeling incorporation in (B) 
600 MHz quantitative 13C NMR spectrum. 
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mg of Chol from 1.35 g U-13C, 1-13C or 2-13C-acetate, whereas the reported yield from 1.0 
g of U-13C glucose was ~1 mg in 100 mL of culture medium.  
 
Table 2.2: 13C Incorporation of U-13C-labeled Chol: Asterisks denote an average labeling 
percentage for overlapped peaks. The error for each measurement is 3%, as determined 






































In order to determine the percentage of isotopic enrichment site-specifically, we 
utilized quantitative solution NMR (qNMR) experiments to determine the labeling 
efficiency. First, we analyzed the relative intensity of the Chol H3 signal (Figure 2.1A) 
1H{13C} doublet to singlet (without 13C decoupling), to obtain the percent incorporation for 
that site. (Due to two- and three-bond 1H-13C J couplings, each 1H{13C} doublet signal has 
Figure 2.3: CTUC COSY of U-13C-Chol in POPC Bilayers. 750 MHz, 8.928 kHz MAS 
SSNMR 13C-13C 2D CTUC COSY spectrum of 40:1 POPC: U-13C. The asterisks in the 
figure represent POPC peaks, the daggers represent artifacts arising from the 
subharmonics of the spinning.36 
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additional, partially resolved fine structure.) In a similar manner, the C6 labeling 
percentage was determined by analysis of the H6 doublet to singlet ratio. The relative 
labeling percentages for other sites in the 13C spectrum (Figure 2.1B) were then 
determined by comparison of the area of the C3 peak, and validated using the C6 peak. 
This resulted in an overall labeling of U-13C-Chol to be 72 ± 2%, globally (Table 2). Within 
the measurement error of ~3%, the site-specific determinations were equivalent 
throughout the molecule. The maximal labeling percentage is determined by the presence 
of unlabeled carbon sources, especially dextrose (2 g/L), that are necessary for cell 
growth. With U-13C Chol on hand, we next proceeded to prepare a sample of Chol in 
POPC and collect MAS 13C-13C correlation spectra. We utilized the scalar-based CTUC  
COSY36 experiment (Figure 2.2) to unambiguously identify the one-bond correlations 
throughout the structure and arrive at complete resonance assignments. In particular, the 
U-13C labeling and correlation spectra enable a de novo assignment that did not rely upon 
solution NMR chemical shifts and uniquely separated the degenerate signals (C7 v. C8, 
C10 v. C20 v. C22, C14 v. C17, C15 v. C23).  
 
2.9 Recoupling experiments to determine averaged 1H-13C dipolar couplings 
Next, we proceeded to collect 2D separated local field spectra with the R483 18-
symmetry based pulse sequence.40,41 With the high levels of 13C enrichment, sensitivity 
for these experiments was enhanced more than an order of magnitude, relative to 
Figure 2.4: High Resolution 1D 13C Spectrum. 600 MHz MAS SSNMR 13C cross 
polarization spectrum (46 ms, 64 scans) of 10:3 POPC: U-13C-Chol with multiplicity due 
to J- couplings. The additional peaks not labeled are POPC peaks. 
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samples with natural 13C abundance. Experiments were carried out with 3.2 mm rotors 
and an active volume of ~18 uL, accommodating a sample of 11.6 mg 10:3 POPC:U-13C 
Chol, hydrated with 5.7 mg H2O. Of this 17.3 mg sample, the signal from ~2.8 mg of U-
Figure 2.5: Experimental (black) and simulated (red) 1H-13C dipolar coupling line shapes, 
acquired at 600 MHz using direct 1H-13C polarization and the R48318–symmetry 
recoupling sequence. The line shape for NAV (rigid lattice standard) is shown at the top. 
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13C Chol yielded a high-resolution 1D spectrum (Figure 2.3) with resolution sufficient to 
observe multiplicity due to J-couplings in only 64 scans (Figure 2.3).  
The high sensitivity also enabled 2D 1H-13C dipolar recoupling data sets to be 
collected in 20 min or less. The separated local field line shapes resulting from the 1H-13C 
dipolar couplings (Figure 2.4) were fit according to the average Liouvillian theory (ALT) 
approximations described in Hohwy et al.42 and Rienstra et al.43 Data sets were 
normalized against the 1Ha-13C scaled dipolar coupling of N-acetyl valine (NAV), which 
is representative of a one bond rigid lattice coupling (Figure 2.4).  
Remarkably, the Chol data fit with higher quality than small molecule model 
compounds, as a consequence of the better convergence of the ALT model for fast limit 
motionally-averaged dipolar couplings that are small compared to the MAS rate and 
multiple pulse cycle time.43 A representative set of dipolar coupling line shapes arising 
from CH, CH2 and CH3 groups are depicted in Figure 2.4. The order parameters we 
measured (Table 2.2) are consistent with values reported by Ferreira et al.28 for 34% 
cholesterol in POPC above the liquid crystal phase transition: for C1 0.39 ± 0.07 (versus 
~0.38 for Ferreira), C3 0.38 ± 0.03 (0.39), for C4 0.42 ± 0.01 (0.35), C9 0.47 ± 0.01 (0.44), 
C11 0.43 ± 0.07 (0.45), and C18 0.21 ± 0.01 (0.12). Additionally, we were able to measure 
the C6 (0.12 ± 0.01) and C26/C27 (0.03 ± 0.01) order parameters, which had too low a 




Table 2.3: Average order parameters for various 1H-13C sites along cholesterol including 
standard deviation.  The order parameters are calculated from both DP and CP R48318 
experiments. Our measured order parameters are compared to plotted values (± 0.03) 
reported by Ferreira et al. in Figure 5D.28 Note that for CH2 groups, previous 













1a 0.26 0.05 - 
1b 0.39 0.07 0.38 
3 0.38 0.03 0.39 
4a 0.42 0.01 0.35 
4b 0.25 0.04 - 
6 0.12 0.01 - 
9 0.47 0.01 0.44 
11a 0.43 0.07 0.45 
11b 0.27 0.07 - 
18 0.21 0.01 0.12 
19 0.20 0.01 0.14 
21 0.18 0.02 0.14 
26 0.03 0.01 - 














2.10 Skip-labeled 13C-Chol experiments 
Fractional 13C-labeling has been demonstrated to be indispensable for structural studies 
of proteins,44-48 particularly to improve the resolution and sensitivity of 2D 13C-13C spectra. 
Thus, we were intrigued by the potential for skip-labeling to yield similar benefits for 
Figure 2.6: 600 MHz Solution spectra of skip 13C-Chol. (A) Carbon 3 region of 1H 
quantitative NMR spectrum used to obtain a 13C labeling ratio applied to (B) the 
quantitative 13C Carbon NMR. (C) and (D) represent labeling percentages of C17 split by 




studies of Chol, to enable future applications where spectral overlap may be problematic 
for U-13C-labeled samples. The biosynthetic approach presented here is compatible with 
either 1-13C or 2-13C-acetate, allowing for the production of complementary skip-13C-Chol 
patterns. Here we have evaluated the incorporation percentage for [2-13C-acetate]-Chol 
as described in 2.7 and results summarized in Table 2.4. 
 
Table 2.4: 13C Incorporation of [2-13C-acetate]-Chol. Error of these measurements is 3% 























As a result of using skip-13C-Chol, the multiplet structure in the 13C 1D spectrum is 
considerably sharper due to the absence of most two-bond 1H-13C scalar couplings 
(Figure 2.5A). The reduction in linewidth is also observed in the quantitative 13C spectrum 
due to the elimination of most one-bond 13C-13C scalar couplings (Figure 2.5B). 
Additionally, in cases where 13C-13C couplings are observed due to neighboring 13C atoms 
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(Figures 2.5C and D), we were able to leverage this information to analyze the multiplet 
structures and further validate the percentage of 13C incorporation. We also utilized the 
13C 1D spectrum (Figure 2.5D) to quantify the ratios of isotopomers. For example, the 
labeling of C13, C17 and C18 is positively correlated, with all three sites 13C-labeled at 
~73% (whereas only 60% would be expected as the product of the individual labeling 
percentages). In addition, for another 24% population, both C13 and either C17 or C18 
are labeled. These results are consistent with the reported Chol biosynthetic pathway,39 
and validated with a dipolar correlation (DARR) 13C-13C 2D spectrum of [2-13C-acetate]-
Chol in POPC bilayers (Figure 2.6) which shows strong cross peaks among the C13, C17 
and C18 sites. The C5 olefin peak appears at ~144 ppm and shows strong correlations 
Figure 2.7: 600 MHz MAS SSNMR of [2-13C-acetate]-Chol in POPC. DARR 13C-13C 2D 
(250 ms mixing time) of 40:1 POPC: [2-13C-acetate]-Chol, where unlabeled peaks on or 
near the diagonal are from the lipid, POPC. 
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to C3, C19, C7 and C9 sites. In addition, two-bond correlations are observed for the 
mostly odd numbered carbons that are labeled in the sterol rings. Linewidths are 
approximately 60 Hz for the DARR 13C-13C 2D spectra. These resolution and sensitivity 
of the 40:1 POPC: [2-13C-acetate]-Chol spectrum demonstrate their potential benefits in 
future applications where spectral overlap is problematic. 
 
2.11 Conclusions and outlook 
We have obtained a highly incorporated 13C-labeled Chol by feeding a genetically 
modified S. Cerevisiae strain39 13C-sodium acetate. Using qNMR, we determined the 13C-
enrichment for U-13C Chol and 2-13C-acetate Chol to be 72 and 86%, respectively. Using 
labeled acetate instead of glucose produced a higher degree of incorporation of skip-
labeled 13C-Chol in comparison to previous studies.39 We anticipate that the feeding and 
growth schedule as well 13C-acetate to dextrose ratio could be further optimized to yield 
even higher rates of 13C incorporation. Nevertheless, the current incorporation levels 
already enable highly sensitive measurements. For example, we prepared a sample of 
U-13C-Chol in POPC, collected several MAS 13C-13C correlation spectra and completed 
resonance assignments. The high level of enrichment allowed us to measure order 
parameters in a 20 min experiment using less than 3 mg of labeled material, whereas 
prior determinations of equivalent order parameters with natural abundance cholesterol 
required ~4.8 h for a 34 mol% Chol/POPC sample in a 4 mm HR-MAS rotor.28  
We envision that 13C-enriched Chol will be useful for a variety of studies by SSNMR 
in order to examine structure, dynamics and interactions with membrane proteins and 
drugs. For example, we have previously demonstrated binding of the antifungal drug 
amphotericin B (AmB) to labeled ergosterol,49 resulting in changes in the chemical shifts, 
order parameters, paramagnetic relaxation effects and lipid/water correlations. In a similar 
manner, we anticipate that studies with 13C-Chol will yield insight into the structural basis 
of the sterol-specificity of AmB analogs with reduced toxicity.50-52 A related approach has 
been demonstrated recently by Gronenborn53 and colleagues, who used a 13C labeled 
carbohydrate probe with a 13C labeled protein to investigate intermolecular distances in a 
sugar-protein complex in order to elucidate not only the binding site of the sugar to the 
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protein, but also the conformation of the bound sugar. These studies underscore the 
potential of using 13C-labeled small molecules to elucidate their key role in biology. 
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CHAPTER 3: COUPLED SEGMENTAL DYNAMICS OF MEMBRANOUS 
CHOLESTEROL CAPTURED BY SOLID-STATE NMR AND MD SIMULATIONS† 
 
3.1 Introduction 
Sterols play numerous and diverse vital roles in the life of the cell. In the past decade, 
lipids, sterols, and their interactions have been increasingly studied with computational 
and experimental methods.1–6 Including, cholesterol’s (Chol’s) interactions with molecules 
reaching the membrane core, potentially participating in drug expulsion (e.g., ibuprofen7) 
and the role of the tail contributing to membrane condensation8. Though, studies involving 
sterols, in particular, have focused on the impact of sterols on lipids and more recently on 
protein dynamics. For most sterol systems, the lipids or proteins are investigated 
thoroughly, and the sterol dynamics and sterol conformational changes are rarely 
inspected. However, there are a few noteworthy examples from both NMR spectroscopy 
and molecular dynamics (MD) disciplines9–12.  
Additionally, previous studies with membranes were limited by commercially 
available Chols, labeled (2H or 13C) on locations either near the rings or the tail. 
Subsequently, interpretations of membranous sterol dynamics were extrapolated from 
data gathered from a few sites8,13–20 on the molecule under the assumption that the fused 
ring system is essentially rigid with a mobile tail. Thus, our understanding of Chol’s 
dynamics in a membranous environment is lacking in detail.  
We provide intricate insights into this intense area by leveraging a combination of 
highly-enriched and uniformly-labeled Chol (U-13C-Chol), implementation of new solid-
state NMR (SSNMR) experiments, all-atom MD simulations, and quantum mechanical 
(QM) calculations. The synergistic combination of SSNMR experimental results with both 
MD simulations and QM shieldings allowed for direct comparison of order parameters 
                                            
† Portions of this chapter are reproduced from the following publications with permission from the 
authors: 1. Della Ripa, L. A.; Pogorelov, T. V.; Nimerovsky, E.; Courtney, J. M.; Phinney, S.; Burke, M. D.; 
Rienstra, C. M. Coupled Segmental Dynamics of Membranous Cholesterol Captured by Solid-State NMR 
and MD Simulations. J. Am. Chem. Soc. In Preparation. 
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(SD) and chemical shifts (CS), ultimately revealing coupled segmental dynamics of Chol 
in palmitoyloleoyl-phosphatidylcholine (POPC) membranes.  
 
3.2 3D dipolar coupling spectra and analysis 
Our recent methodological work21 with the biosynthetically produced U-13C-Chol 
enabled the rapid collection of 1H-13C dipolar couplings from membranous Chol, 
consistent with previous findings22–24 that Chol is mobile in its native lipid environment 
above the liquid phase transition. We were able to perform 2D experiments to report on 
many of the sites, but there were several unresolved resonances, so we performed a 3D 
SSNMR experiment to extract the entirety of the heteronuclear dipolar couplings, which 
are subsequently converted to order parameters (See SI). Order parameters correspond 
to the space sampled by a particular vector, 1H-13C vectors in our case. An SD of 1 
corresponds to a moiety completely rigid, we used N-acetyl valine as our control as it is 
at the rigid lattice limit (See SI). To measure the 1H-13C dipolar couplings, an 3D R-
symmetry SSNMR25,26 experiment (Figure 3.1A) was first implemented. This pulse 
sequence recouples heteronuclear couplings, while decoupling homonuclear couplings, 
such as 1H-1H couplings, yielding the desired 1H-13C couplings. This fully dipolar 3D 
experiment consists of two 13C chemical shift dimensions (Figure 3.1C) and a third dipolar 
dephasing dimension. The pulse sequence implements both cross polarization (CP) as 
well as an SPCn mixing period, followed by an R-symmetry block. During collection and 
analysis of this CP-SPCn-RNnv 3D spectrum, we observed a number of interesting 
spectral features. First, there were several one-bond correlations missing. For example, 
the 2D SPCn spectrum in Figure 3.1C is missing correlations between C9-C11 and C8-
C9. Second, several peaks are asymmetric across the diagonal (C25-C26 and C9-C10), 
and third, there are several peaks in which the two-bond correlations are stronger than 
single bond correlations. For example, it is particularly striking in Figure 3.1C how weak 
the C2-C3 and C4-C3 correlations are compared to other sites. Our previous work21 
demonstrated that differences in signal intensity are not due to site-specific differences in 
13C-labeling percentage.  
In our 3D spectrum there are several peaks which can be used to measure each 
heteronuclear dipolar coupling. For example, the time domain trajectories from the C2-
41 
 
C3, C4-C3, or C3 diagonal peaks can extracted and used to measure the C3 1H-13C 
dipolar coupling. These 3 measurements can be used to obtain statistics for the C3 order 
parameter. Interestingly, analysis of the dipolar couplings revealed systematic differences 
between the order parameters obtained from a diagonal peak, versus a cross peak, 
Figure 3.1D. We hypothesized that the differences between two sites reporting on the 
same dipolar coupling were due to the orientational dependence of the carbon-carbon 
dipolar couplings impacting the measurement of the heteronuclear dipolar couplings. For 
example, if a carbon-carbon dipolar coupling were motionally averaged to zero, this would 
significantly impact the polarization transfer efficiency, leading to low SNR or an absent 
Figure 3.1: (A) CP-SPCn-RNnv pulse sequence. (B) Cholesterol molecule (C) 600 MHz 
SSNMR 13C-13C spectrum with 1.44 ms SPC9 mixing, of a 10:3 POPC: U-13C-Chol sample 
at 20 C, collected at 11.111 kHz. (D) NMR order parameters, SD, from C3, C6and C9 
extracted from a CP-SPC7-R48318 experiment. 
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peak. We predicted that these effects on the heteronuclear dipolar coupling 
measurements would be negated if a direct polarization (DP) COSY R-symmetry, or fully 
scalar (through-bond), scheme was implemented. 
 
3.3 Fully scalar R-symmetry pulse sequence development 
To test the hypothesis that dipolar couplings influenced our order parameter 
measurements, we first a developed new pulse sequence which involved DP followed by 
spin polarization transfer using a CTUC-COSY mixing scheme27, and finally, an R-
symmetry block to recouple the heteronuclear dipolar couplings, Figure 3.2A. The DP-
COSY-RNnv experiment yielded consistent order parameters derived from diagonal and 
correlated cross peaks (Figure 3.2C, 3.2D). Additionally, the spectrum contains more 
cross peaks (Figure 3.2B) leading to more precise measurements of dipolar couplings 
(Figure 3.2D, 3.5). Self-consistent order parameters were obtained for all sites in Chol.  
The order parameters obtained from MD simulations (Figure 3.3A) of Chol in a 
POPC membrane (Figure 3.3B) match well with the experimental data (Figure 3.3C), 
although being systematically lower. To this end, there are several contributions which 
explain why the order parameters can be globally scaled (Figure 3.6). For example, since 
we are using an external reference to calibrate our dipolar couplings, there can be 
calibration errors due to experimental setup28, RF inhomogeneity and differences 
obtained for large and smaller dipolar couplings under the ALT approximation29.  
The 1H-13C dipolar couplings of the four fused rings have similar order parameters, 
except for C6. This indicates that the C-H vectors are approximately at the same 
orientation relative to Chol’s axis of molecular motion. However, because C6 is sp2 
hybridized, its resulting C-H vector is much different from its neighbors. In fact, its vector 
angle is almost at the magic angle, resulting in a much smaller coupling, consistent with 
previous19,30 findings. Revisiting the spectra, this can explain why CP from C6 to 
neighboring carbon atoms is less efficient than from sites with larger couplings (Figure 
3.1C). The methyl groups order parameter values are consistent with these findings; the 
C18, C19, and C21 methyl groups order parameters are approximately one-third the 
values of the four fused ring system, thus further evaluating that the core of the Chol 
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molecule is undergoing the same uniaxial rotation about the motional axis. Additionally, 
the last two methyl carbons on the tail cannot be resolved from each other, indicating that 
these sites are undergoing motional averaging, further supported by the data which 
shows an order parameter of almost zero. This again supports the initial findings in the 
fully scalar 3D spectra (Figure 3.1C), in which the peak intensities of the tail resonances 
Figure 3.2: (A) DP-COSY-RNnv pulse sequence. (B) 13C-13C 2D plane of DP-COSY-
R1817 3D. (C) Comparison of order parameters collected under CP-SPCn-R48318 and DP-
COSY-R1817, demonstrating consistency between order parameters measured with a 
DP-COSY-RNnv pulse sequence and elimination of the orientational dependence on 
dipolar transfer. (D) Dipolar lineshapes from fully dipolar versus fully scalar versions of 
the RNnv pulse sequence used to measure order parameters. Grey dotted lines are used 
to guide the eyes to evaluate the dipolar couplings. 
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are weak. The order parameter data, in addition to the quantitative solution NMR data, 
confirm that site-specific dynamics are responsible for asymmetrical signal intensity 
across the diagonal and weak and/or missing cross peaks.  
 
3.4 Molecular dynamics simulations of 10:3 POPC:Chol systems 
In addition to the extraction of order parameters which report on the rotational 
motion of a bond vector, temporal and spatial resolution of all-atom MD simulations 
enable reporting on the dynamic chemical environment of membranous Chol8,22. Our 
extensive MD simulations revealed preferred conformations sampled by the Chol tails 
(Figure 3.4). We define the five tail dihedral angles (Figure 3.4A, 3.8), and as expected, 
1 mostly samples the gauche conformation (Figure 3.4A), to minimize the steric clash 
which occurs between the C21 and C18 methyl groups. Due to the fluidity of the 
membrane center, the 5 angle is equally sampling the gauche and trans conformations, 
Figure 3.3: (A) Membrane-sterol MD model of 300 cholesterol molecules (cyan) modeled 
in 10 10:3 POPC:Chol replicates and sampled at 100 ns. POPC lipids are grey. (B) Chol 
protons color coded by MD SD. (C) NMR and MD order parameter comparison. 
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which is in agreement with the single, unresolved resonance peak for C26 and C27 
observed in the NMR spectrum. The other dihedral angles sample trans conformations. 
While in agrement with previous computational studies8,22, the question remains whether 
it agrees with our SSNMR measurements. 
Using a high-throughput computational workflow, 300 MD-captured Chol 
structures (See SI) were subjected to QM shielding calculations to ultimately enable the 
comparison of 13C chemical shifts (CS) between the conformational ensembles present 
in the simulations and those observed in the SSNMR sample. Calculated CS distributions 
agree well with SSNMR measured values (Figure 3.7). Previous studies highlighted the 
power of QM calculations by utilizing Chol CS to reveal insights about the ring 
conformations of sterols.31,32 To this end, we examined the CS calculated for the xgxxx 
and xtxxx tail ensembles (Figure 3.9, 3.10) and compared them with the experimental 
CS. The five character names denote dihedral angles 1-5, where x is either gauche or 
trans, and 2 is restricted to gauche or trans (See SI). We examined the CS agreement 
by calculating the RMSD between the SSNMR and MD-based QM CS by gradually 
increasing the xtxxx population from 0 to 100%, in the background of the xgxxx population 
(Figure 3.4B). The experimental and calculated CS as a function of 2 conformation 
revealed that for the best agreement ~70% of the Chol tails have to be in a trans 2 
dihedral conformation in POPC membranes in the liquid phase. In our MD simulations, 
61% of the Chols had a trans 2 conformation, suggesting that the simulations do agree 
well with the experimental data, however further improvements in force fields can lead to 
closer agreement.  
Temporal dynamics of tail dihedral angles can also be used to gain further insights 
into Chol dynamics within the fluid environment of the membrane. In particular, 
autocorrelation analysis of the Chol molecular tilt agrees with a fluorescence anisotropy 
study23 of cholestatrienol in membranes (Figure 3.13B). Using cross-correlation analysis 
of tail dihedral angles and molecular motions (See Table 3.1) we revealed coupled 
dynamics of membranous Chol. There are significant correlations between 2 and both 
the tilt angle and axial rotation of Chol (Figure 3.4C, 3.11, 3.12). The highly mobile 4 and 
5 are positively correlated. The overall couplings between Chol segments are shown in 
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Figure 3.4E with significant correlations, though moderate, outlined in blue. Further 
analysis of the tail dihedral angles using a Markov model revealed that a direct gauche to 
trans transition of 2 was rarely observed, a plausible pathway involves changes in 
dihedral angles downstream of 2 (Figure 3.14, Table 3.2). The direct transition from 
gauche to trans for 2 may require a large motion of the tail while in close proximity to 
lipid tails as well as neighboring Chol33 molecules. In fact, we observed Chol oligomers 
are tightly organized (Figure 3.15), only allowing a limited space for rearrangements. A 
previous computational study34 suggested the importance of the C21 methyl group, the 
Figure 3.4: (A) Tail dihedral angle populations observed during the MD simulations. The 
five tail dihedral angles are labeled on the structure in blue (B) The RMSD between the 
SSNMR chemical shifts and scaled shieldings as a function of xtxxx population is plotted 
for all, ring, and tail atoms. The xtxxx population in the MD simulations is 61% (black 
arrow). (C) Cross-correlation plots for 2 and tilt and 2 and axial rotation, showing that 
these correlations are significant, yet moderate. (D) 2 versus tilt scatter plot. (E) Coupled 
segmental dynamics with all significant couplings (cross-correlation) shown (blue curves). 
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node between 1 and 2, in maintaining optimal Chol tilt. Overall, our data suggest that 
2 plays an important role in Chol’s dynamics for both tail and fused-ring segments. 
 
3.5 Conclusions and outlook 
Through combination of new SSNMR experiments on highly-enriched U-13C-Chol 
and all-atom MD simulations it is possible to achieve an atomistic view of Chol’s 
dynamics in lipid bilayers. The development of a fully scalar 3D pulse sequence allowed 
for precise and consistent collection of order parameters at each site throughout the 
Chol molecule. The order parameters extracted from the MD simulations match the 
experimental results and indicate that Chol at 20 C in POPC is mobile, well simulated, 
and in agreement with previous studies. The unique ability to directly connect 
experimental results with those from simulations allowed us to determine the actual tail 
conformations present in the experimental sample, and suggest a method to gauge the 
accuracy of force fields. Further analysis revealed coupled segmental dynamics and the 
influence of 2 conformation on Chol tilt and axial rotation. Moreover, this unique 
combination of methodologies empowers the usage of labeled molecules as a probe for 
future studies of molecular interactions in the challenging membrane environment.  
 
3.6 Materials and methods  
NMR Sample Preparation and Data Collection: A 20 mg batch of 10:3 POPC: U-13C 
Cholesterol SSNMR sample was prepared, hydrated and the packed into a 3.2 mm rotor, 
as described previously21.  
600 MHz (1H frequency) CP-SPCn-RNnv 3D spectra were collected at 20 C and a 
MAS rate of 13.051 kHz, under the R48318 symmetry condition using 1.226 ms of SPC7 
mixing. For example, for the 1_2 crosspeak, the 2 heteronuclear dipolar coupling is 
measured. The dipolar dephasing dimension consisted of 25 points collected 38.3 s 
apart, with the first point collected at the 0 s for a total time domain trajectory of 0.9192 
ms. 
600 MHz (1H frequency) DP-COSY-RN 3D spectra were collected at 20 C and a 
MAS rate of 13.041 kHz under the R1817 condition with 2.76 ms of COSY mixing. For an 
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1-2 crosspeak, the 2 heteronuclear dipolar coupling is measured. The dipolar 
dephasing dimension consisted of 16 points collected 51.1 s apart, with the first point 
collected at 0 s for a total time domain trajectory of 0.7665 ms.  
 
Line Shape Analysis: All spectra collected were processed using NMRPipe35. The time 
domain trajectories were extracted from the 3D spectra using the NMRPIPE peak picking 
function. The time domain trajectories were input into the iota program21 and 
subsequently Fourier transformed. The cholesterol data sets were fit in the time domain. 
The fitting procedure involved first fitting with only the number of directly attached protons. 
More protons were subsequently introduced into the fit, with the maximum number of 
protons allowed being the sum total of protons contained within the second shell. For 
example, site C1 has two directly attached protons, and the adjacent C2 has 2 directly 
attached protons and C3 has 1 directly attached protons. C1 was allowed to be fit up to 
5 protons, however, addition of the 5th proton was not significant, i.e. the RMSD did not 
significantly improve the fit, and/or the 5th proton had a scaling factor of zero. The 
cholesterol scaling factors were compared to the scaling factors obtained for the C-H 
scaling factor of crystalline N-acetyl valine, which is at the rigid lattice limit. The C-H 




Figure 3.5: Lineshapes from the DP-COSY-R1817 3D which were fit to determine the 




NMR vs MD Order Parameters: After plotting NMR and MD OP, it was apparent that the 
NMR OP are systematically higher than the OP’s collected from MD simulations. As 
discussed in the Main Text, there are several reasons why the NMR might have a 
systematic offset from the MD OP, and can be appropriately scaled. To calibrate this 
global scaling factor, we plotted NMR vs MD data (Fig. 3.7) and used the slope of the 
trend line as our correction factor, 0.90. 
 
 
Figure 3.6: NMR vs MD OP data used to calibrate the NMR global scaling factor. The 
slope of the trend line was used as our correction factor, 0.90. 
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Molecular Dynamics Simulations: CHARMM-GUI membrane builder36 was used to 
assemble ten independent replicates of 10:3 POPC:Chol systems, which were subjected 
to 100 ns MD simulations using NAMD v. 2.11. software37 with CHARMM36 
parameters38,39. Explicit TIP3P water molecules40 were used. Constant temperature of 
293 K and constant pressure of 1 atm were maintained by Langevin dynamics41 with 
damping coefficient of 0.5 ps-1 and Langevin Nose-Hoover method42, respectively. Long-
range electrostatic interactions were utilized with the particle-mesh Ewald (PME) 
method43,44 with grid spacing of 1 Å. The hydrogen atom bond length was restrained with 
SETTLE algorithm45. Integration step was 2 fs. The last 75ns of each trajectory sampled 
at a 100 ps step were used for analysis.  
 
Quantum Mechanics Calculations: All 300 cholesterol molecules from the last frame of 
the MD trajectories were extracted with VMD software46 v. 1.9.3 
(https://www.ks.uiuc.edu/Research/vmd/) and used in the QM calculations.  Gaussian09 
sofltware47 was used to calculate NMR shielding tensors with the mPW1PW91 level of 
theory and 6-311+G(2d,p) basis set. Geometry optimization was intentionally not utilized, 
as it would alter the structures, especially the tail dihedral angles. The isotropic shieldings 
were extracted and scaled with constant, suggested by CHESHIRE database48–50, and 




Figure 3.7: Distributions of QM scaled shieldings are plotted in black for each carbon 
of cholesterol. The experimental SSNMR CS are represented as the vertical red lines 
in each plot. Overall, excellent agreement between the observed chemical shift and 
the distributions from the MD-based QM calculations.  
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Tail Dihedral Angle Analysis: Using RStudio software51 v. 1.1.456 
(http://www.rstudio.com/) to expedite the workflow of creation and analysis of large 
datasets, we extracted the five dihedral angles of the tail for each cholesterol molecule, 
per frame, using VMD. 
 
Figure 3.8: Scatterplot matrix for the distributions of each  angle, as well as the tilt angle 
of cholesterol observed in 10:3 POPC membranes MD simulation. The majority of the 1 
angle observed in a gauche state, with a minor population in the gauche+ state. There are 
almost no instances when 1 adopts a trans conformation. 2 depicts a major trans 
population, with a significant gauche population. The 3 and 4 angles have a majority 
trans conformation. As expected, 5 has approximately equal populations between 
gauche and trans state. Finally, the tilt angle (C3-C17 vector) relative to the membrane 
normal is plotted. Matlab (MathWorks) was used for this analysis. 
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The analyzed data included a combined 0.75 s of MD simulations that is based 
on the last 75 ns of all 300 cholesterol molecules modeled in the 10 sterol-lipid replicates 
and sampled at 100 ns (total of 224,000 data points). Next, each dihedral angle was 
categorized as gauche, trans, or “other”.  We defined gauche as 60 and 300 ± 30, trans 
as 180 ± 30, and “other” as the rest of the dihedral angles not categorized as gauche 
or trans. The dihedral angle distribution for the five phi angles is plotted in Figure 3.7. The 
tilt angle is defined as the angle between the bilayer normal and the vector between atoms 
C3 and C17. The axial rotation is defined relative to the membrane plane and the vector 
between atoms C7 and C11, the tilt angle distribution is also depicted in Figure 3.7.  
 
Tail Conformational Analysis: The last frame of each of the 300 cholesterol molecules 
were sorted into two categories: 2 angle of gauche or trans. The scaled shieldings for 
each cholesterol in the gauche conformation were averaged to yield the scaled shieldings 
Figure 3.10: Bar graph showing CS differences between SSNMR CS and QM scaled 
shieldings for the xtxxx tail conformations of Chol. 
Figure 3.9: Bar graph showing CS differences between the SSNMR CS and the QM 
scaled shieldings calculated for the xgxxx tail conformations of Chol. 
55 
 
corresponding to the xgxxx population.  The same analysis was repeated for the phi2 
angle of trans, yielding the xtxxx population.  
 
Cross-Correlation Analysis: For each 300 cholesterol molecules, the  angles, tilt, and 
axial rotation were extracted per frame using VMD. The cross-correlation analyses were 
performed in RStudio using the ccf function for each cholesterol molecule.  The maximum 
correlation and corresponding lag time were recorded.  The average and standard 
deviation were evaluated and recorded in Table 1. 
Table 3.1: Cross Correlation analysis on all 300 cholesterol molecules.  Correlation 







Lag Avg (ns) Lag Stdev (ns) 
2 vs 3 0.16 0.05 0 21 
3 vs 4 0.14 0.14 0 13 
4 vs 5 0.33 0.05 0 0 
2 vs Tilt 0.20 0.06 17 11 
2 vs Axial 0.31 0.13 17 11 
3 vs Tilt 0.13 0.02 14 10 
3 vs Axial 0.14 0.04 14 11 
4 vs Tilt 0.15 0.03 14 11 
4 vs Axial 0.14 0.04 15 10 
5 vs Tilt 0.18 0.05 14 10 
5 vs Axial 0.16 0.05 16 10 
Tilt vs Axial 0.25 0.07 2 19 
 
 Several examples from the significantly correlated analyses are depicted in Figure 
3.10. The cross-correlations plotted are from a single cholesterol molecule. Additionally, 
Figure 3.12 displays the distribution of lag times for all 300 cholesterols for the three 
significant cross correlations.  The correlations have fairly wide distributions, except for 





Figure 3.11: Cross correlation analysis plots for a representative single cholesterol 





Figure 3.12: Distribution of cross-correlation lag times for significant cross-correlations. 
(A) 2 and tilt lag times with lag times around and below 10 ns most common and another 
grouping of lag times around 30 ns. (B) 2 and axial lag times are also around 10ns with 
another major distribution around 20 ns. (C) The 4 and 5 lag time distribution showing 






Figure 3.13: (A) Autocorrelation analysis of dihedral angles 2-4. 2 has the slowest 
timescale and 4 and 5 are the fastest. It is not possible to calculate the autocorrelation 
of 1 as this correlation does not converge because there is not enough of a transition 
between gauche and trans conformations. (B) Autocorrelation analysis of the molecular 




Table 3.2: The transition matrix for the three-state Markov model. 
State xtxxx xgxxx other 
xtxxx 106,749 1,113 29,880 
xgxxx 1,144 34,916 4,897 
other 29,849 4,928 11,223 
 
Radial Distribution Function Analysis: 
Figure 3.14: The three-state Markov model (in-house script, Matlab) of dihedral angle 
populations is based on the combined 0.75 s MD simulation data that included the last 
75 ns of all 300 cholesterol molecules in 10 replicates sampled at 100 ns  (224,000 total 
data points). Observed populations of the states were xtxxx 61% (137,743), xgxxx 18% 
(40,957), and other 21% (46,000). 
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 TOWARDS THE CHARACTERIZATION OF INTERACTIONS 
BETWEEN AMPHOTERICIN B AND STEROLS† 
 
4.1 Introduction 
Our previous studies determined that amphotericin B (AmB) kills yeast cells 
primarily by binding to ergosterol (Erg)1 and forming a large extramembranous sterol 
sponge2. This model hypothesizes that interactions between AmB and Erg determine its 
ability to kill yeast, whereas binding to cholesterol (Chol) is responsible for toxicity in 
human cells. Our overarching goal is to combine experimental and computational 
approaches to understand the interactions between AmB and sterols and continue to 
develop and improve existing models, in order to elucidate the physiological structures 
for the AmB-Erg and AmB-Chol complexes. Additionally, ongoing research efforts have 
resulted in the development of several AmB derivatives with improved therapeutic 
index,3,4 and our parallel goal is to characterize the interactions of AmB derivatives with 
sterols. 
 In order to probe the interactions between AmB and sterols it is necessary to 
understand the behavior of sterols without AmB present. In particular, chemical shifts, 
linewidths and order parameters of the sterols can be measured and compared to those 
of sterols in the bound-complex to elucidate atom-specific interactions. Order parameters 
(S) describe the spatial restriction of motion, from 0 to 1, where a molecule or 13C-1H 
dipolar vector with an order parameter of 1 is completely rigid. Changes in order 
parameters can indicate binding, for example an increase in S may be observed upon 
binding, as was observed previously for Erg.2 Changes in linewidths can also be used to 
indicate binding interactions, because increases in molecular size or viscosity leads to a 
shorter T2, or a larger linewidth. One of the most important indications of molecular 
interactions are chemical shift perturbations, especially because chemical shifts are 
sensitive to chemical environments, interactions and conformations. In addition to order 
parameters, chemical shifts and linewidths, obtaining distance measurements on 
                                            
† Portions of this chapter are reproduced from the following manuscript with permission from the authors. 
Lewandowska, A.; Greenwood, A. I.; Hisao, G. S.; Holler, J. T.; Khandelwal, A.; Pogorelov, T.V.; 
Nimerovsky, E.; Burke, M. D.; Rienstra, C. M. The Functional Amphotericin B Sponge is Composed of 
Highly Structured Asymmetric Head-to-Tail Homodimers, In Preparation. 
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samples with 13C-labeled AmB and sterols can be used to obtain distance restraints, 
which are used in AmB-sterol complex structure calculations. Together, these 
measurements and overall structural determination of the AmB-sterol complex will allow 
us to continue to push forward towards a derivative with a higher therapeutic index. 
 
4.2 Erg interactions with Amphotericin B 
Understanding the interactions between sterols and AmB, in particular the 
differences in binding between Erg and Chol are crucial in the pathway towards an AmB 
derivative with a higher therapeutic index. Similar to Chol in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) membranes,5 Erg is mobile in its native lipid 
environment, as demonstrated by the low order parameters in POPC membranes. Similar 
to Chol, the 13C 1D spectrum of U-13C-Erg in POPC, Figure 4.1, exhibits solution-like 
spectra with narrow linewidths. Next, A 1:3 complex of natural abundance AmB: U-13C-
Erg was made and 2D 13C-13C solid-state NMR (SSNMR) experiments were performed 
to obtain the chemical shifts for bound Erg.  
Figure 4.1: 600 MHz MAS SSNMR 13C cross polarization spectrum (46 ms, 1024 scans) 
of 10:3 POPC:U-13C-Erg. 
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Herein we discuss our observations of chemical shift perturbations, an increase in 
linewidths and multiple populations of Erg in the complex. Ultimately, we propose a model 
of the AmB-Erg complex involving head-to-tail and head-to-head AmB-Erg interactions, 
with the fused-rings of Erg in two populations and the Erg tail in four different poses. Our 
current hypothesis is that AmB is a highly ordered matrix with pockets for sterols, the 
complex is highly thermodynamically stable, with promiscuity of binding sterols and we 
propose there are multiple sterol binding modes. 
 
Solid-State NMR Spectra of AmB:Erg Complexes: A 3:1 AmB:U-13C-Erg sample was 
prepared and a 13C cross-polarization 1D was collected at 600 MHz and 12.5 kHz MAS 
rate, with 1024 scans at See Figure 4.2. The major 13C chemical peaks observed are from 
Erg because the AmB is natural abundance. The bound Erg 13C chemical shifts were 
compared to Erg in its native environment, using a 10:3 POPC:U-13C-Erg sample. As 
shown below in Figure 4.3, chemical shift perturbations between free and bound Erg are 
observed throughout the molecule, many greater than 1 ppm. These perturbations 
Figure 4.2: 600 MHz MAS SSNMR 13C cross polarization spectrum (30 ms, 4096 
scans, 10 °C) of 3:1 AmB:U-13C-Erg. 
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indicate that the fused rings of the Erg molecule is interacting with AmB. The atoms of the 
tail may experience chemical shift perturbations because of a direct interaction, or through 
an indirect interaction if there are a limited number of tail conformations allowed upon the 
fused-rings interacting with AmB. Furthermore, line-broadening is observed in this sample 
as well, another indicator of sterol interactions with AmB. 
Figure 4.3: Erg chemical shift perturbations between 10:3 POPC:U-13C-Erg and 3:1 
AmB:U-13C-Erg. The chemical shifts greater than 1 ppm are depicted on the Erg structure 




In order to observe interactions between AmB and sterols, a 15.8 mg pellet of 1:3 
U-13C-AmB:U-13C-Erg was prepared (see section 4.6 Materials and Methods) and 2 μL 
of HEPES buffer was added immediately before packing into a 3.2 mm rotor via a rotor 
packing device6. Next, a 600 MHz 13C-13C spectrum with 12.5 kHz MAS with 1.28 ms of 
SPC8 mixing was collected at 10 °C. We then assigned the AmB and Erg cross peaks 
Figure 4.4: Proposed model of AmB-Erg orientation based on correlations observed in a 
600 MHz 13C-13C spectrum of a 1:3 U-13C-AmB:U-13C-Erg sample, where cross-
correlations between AmB and Erg are displayed in dotted red (tail interactions) and 
















































observed in the spectra. If the two different molecules are in close proximity to one 
another, polarization transfer can occur between AmB and Erg, and AmB-Erg cross-
peaks are possible and in fact observed (Figure 4.4). Another important feature of the 
multidimensional spectra is that the line broadening observed in Figure 4.3, was 
determined to be several different populations of Erg. The increased linewidths observed 
upon binding have a significant inhomogeneous contribution from multiple populations of 
Erg. For example, in Figure 4.5, the C24-C23 cross peak in green exhibits heterogeneous 
increase in linewidths and is composed of approximately four different populations. These 
different populations could indicate that Erg is in several conformations while bound in 
the AmB sponge. The fused-rings of Erg displayed approximately two major 
conformations, while there were approximately four major conformations of the tail, when 
bound to AmB.  
 
Figure 4.5: 600 MHz MAS SSNMR 13C-13C spectrum with 1.28 ms SPC8 mixing of a 1:3 
U-13C-AmB:U-13C-Erg sample at 10 °C. Single-bond correlations are shown in green and 
multiple-bond correlations are shown in red.  
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4.3 Chol interactions with amphotericin B 
After assigning the Chol chemical shifts confidently in POPC liposomes5, our aim 
was to investigate chemical shift perturbations of Chol upon binding to AmB, as well as 
compare the differences in chemical shift perturbations between Erg and Chol. The two 
samples we investigated were 40:16:1 POPC: AmB: [1-13C acetate] Chol and or 40:16:1 
POPC: AmB: [2-13C acetate] Chol, see section 4.6 Materials and Methods. Unlike the 
large perturbations observed with Erg, there are no observable perturbations of chemical 
shifts for Chol in the presence of AmB and POPC (see Figure 4.6). For example, 
Anderson et al. reported that chemical shift perturbations as large as 2 ppm were reported 
for several carbons along the molecule. The perturbations observed within the Chol 
molecule in the presence of AmB are within the experimental uncertainty of the chemical 
shift. Thus, at this sample concentration of 40:16:1 POPC: AmB: [2-13C-acetate] Chol no 
significant chemical shifts are observed, see Figure 4.6. Similar results are seen in the 
40:16:1 POPC: AmB: [1-13C-acetate] Chol sample. Although there are no perturbations 
Figure 4.6: Overlay 2D 13C-13C with DARR mixing of 40:0:1 (blue) and 40:16:1 POPC: 
AmB: [1-13C-acetate] Chol (red). Both 2D 13C-13C spectra were collected with DARR 
mixing time of 250 ms, signal averaged for 36 hrs, and collected on the same 600 MHz 




seen in Chol spectra in the presence of AmB this result does not rule out the possibility 
of these interactions occurring. One possibility is that the population of Chol bound to 
AmB is too small to observe. We might observe these perturbations by raising the Chol 
concentration in samples, or making an AmB:Chol complex in the absence of lipids. 
Additionally, it is important to make a sample with 13C-labeling on both Chol and AmB to 
collect 13-C-13C correlation spectra in an attempt to measure intermolecular cross peaks. 
Although the chemical shift perturbations for these samples were not significantly different 
from the standard deviation of the chemical shifts, we can study the dynamics and order 
parameters of Chol to probe the dynamics changes potentially introduced by the 
interactions with AmB. This stresses the need to continue with SSNMR relaxation and 
order parameter measurements, which will provide more insights as to which carbons are 
directly interacting with or affected by AmB.  
 
4.4 Crystallization efforts to understand the fungicidal sponge and sterol complex 
 Solid-state NMR spectroscopy has provided the majority of information we 
gathered on AmB with regards to both interactions with sterols, and structural restrains 
used in simulated annealing calculations. Previously, it was not possible to obtain a 
crystal structure for AmB, because the crystals were not amenable to x-ray diffraction due 
to poor quality and minute size. A crystal structure of the iodo-acetyl derivative of AmB20,21 
(AmB-I) was obtained in 2012, however, AmB-I is not functionally relevant derivative as 
it has not been demonstrated to kill yeast. Recent improvements in homogenization and 
preparation for SSNMR spectroscopy have made it possible to obtain microcrystals of 




The microcrystals which have been grown thus far have first started with a 
homogenized pellet of AmB (see section 4.6 Materials and Methods). The initial 
crystallization conditions involved dissolving the homogenized AmB pellet into HEPES 
buffer to reach a concentration of ~2 mM. The AmB solution was placed in a glass tube, 
and then in a jar containing approximately 15 mL of methanol (Figure 4.16). The jar was 
capped and placed in the dark undisturbed for several weeks. The resulting crystals were 
clusters of needle-like projections, or “sea urchins”, ultimately too small for x-ray 
diffraction.  
Alternative alcohols for vapor diffusion crystallization including isopropanol and t-
butanol did not yield microcrystals. Changing the buffer from HEPES to PBS still yielded 
microcrystals, and is also a suitable buffer used in conjunction with methanol. The largest 
improvement in crystal size was achieved by decreasing the concentration of AmB. While 
the crystals were larger, there is significant branching (Figure 4.17), and the crystals are 
needle-like. The crystals had formed near the top of the solution, and there was a 
Figure 4.8: Representative images of AmB crystals obtained from 0.25-2 mM AmB in 
PBS or HEPES buffer, vapor diffusion by methanol. 
Figure 4.7: Schematic of AmB crystallization setup showing the tube containing AmB in 
buffer, surrounded by alcohol, and kept closed. The picture of the tube (middle) shows 
microcrystals of AmB (yellow) of which a microscopic image is shown (right). 
75 
 
significant portion of AmB which had precipitated out, indicating that these larger crystals 
formed better at lower concentrations than 0.5 mM. 
 Next, the pH of both HEPES and PBS were varied, in addition to using lower 
concentrations of AmB, in attempt to produce larger and thicker crystals. To further slow 
down the diffusion of alcohol into buffer the jars were refrigerated at 4 °C. Unfortunately, 
the decrease in concentration of AmB in buffer and refrigeration did not yield crystals of 
AmB. Previously, methanol worked well with either HEPES or PBS buffer, so we tried 
ethanol as another volatile solvent to promote crystallization. Our control vial, which 
contained a tube of PBS with no AmB and vapor diffusion of ethanol, yielded crystals of 
PBS, similar to vials of AmB dissolved in PBS, surrounded by ethanol. Thus far, the best 
combination of crystallization conditions is a 0.5 mM AmB solution in HEPES buffer 
surrounded by methanol, allowed to crystallize at room temperature. 
 Current efforts are also identifying crystallization conditions of the AmB-Erg 
complex. The AmB-Erg complex was prepared as described in 4.1, and the condition 
which produces microcrystals is a 0.15 mM AmB-Erg concentration in PBS of pH 6.9 
surrounded by methanol. While the bottom of the tube contained microcrystals too small 
for x-ray diffraction, we have identified a starting crystallization condition which can be 
further optimized.  
 
4.5 Conclusions and outlook 
Through the combination of SSNMR and computation techniques, we have probed 
AmB-sterol interactions. In particular, SSNMR of AmB-Erg complexes revealed chemical 
shift perturbations throughout the Erg molecule. Additionally, using a uniformly-13C AmB-
Erg complex revealed extensive interactions between AmB and Erg, and indicated that 
Erg might adopt several poses when bound in the AmB sponge. Although the doubly-13C-
labeled complex was washed with chloroform, there were several instances of multiple 
populations of chemical shifts for a single atom which overlapped with overlap with the 
unbound Erg resonances. The several populations of Erg that we are observing might be 
either several different conformers of bound Erg, or unbound Erg. Our future samples will 
utilize an optimized washing protocol developed in the Burke lab to quantitatively remove 
unbound Erg from the AmB-Erg complex. After washing, these SSNMR samples can be 
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used to confirm the bound Erg chemical shifts using both 13C-13C multidimensional 
experiments with DARR, SPCn and CTUC-COSY22 mixing. Additionally, 1H-13C dipolar 
recoupling experiments (R-symmetry) can be used to determine the order parameters of 
the bound Erg and elucidate whether the multiple conformations of Erg are 
interconverting, or if there are several rigid populations of bound Erg. 
 Similarly, to investigate the AmB-Chol interactions, we aim to prepare an AmB-
Chol complex without lipids to confirm the bound chemical shifts of Chol, as well as 
perform heteronuclear dipolar recoupling experiments to determine if Chol rigidifies upon 
binding with AmB. Similar to studies with Erg, we will make a doubly-U-13C-labeled AmB-
Chol complex to observe atom-specific interactions as well as collect distance 
measurements, all of which can be used in structural calculations of the complex.  
 Although static in nature, crystal structures of both AmB and the AmB-sterol 
complex can provide insights on changes in AmB conformation upon binding, in addition 
to sterol packing inside the sponge. The information obtained from the crystal structures 
can be used as restraints in structure calculations and MD simulations. While the crystals 
we have grown have been too small for X-ray diffraction, we have seen a significant 
improvement in overall size and still have several conditions left to investigate in the 
optimization procedure. For example, we have worked with HEPES and PBS buffers, 
however there are other buffers that AmB can be used with, such as Tris buffer. The 
micro-crystals we have obtained can be potentially used in micro-electron diffraction 
experiments. Recently, these micro-electron diffraction have been used to determine 
structures of microcrystalline compounds24. What is particularly promising is that the 
authors were able to determine the structure of a methylene blue derivative, which 
primarily forms long, thin needles, similar to the AmB crystals we have grown. Other 
techniques which can be used to determine the structures of small-molecule crystals use 
metal-organic framework (MOF), which acts like a sponge, soaking up the molecule of 
interest and ordering it within the matrix of the MOF, ultimately subjected to x-ray 
crystallographic methods25. 
The knowledge we gain from these AmB-sterol complexes will elucidate key 
differences between AmB interactions with Erg and Chol. These differences can be 
leveraged to aid in the development of AmB derivatives with a higher therapeutic index. 
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Other AmB derivatives been developed exploit the ion-channel forming capabilities of 
AmB to restore physiology in systems lacking essential ion transporters. Both the 
fungicidal sponge and ion channel models of AmB have broad impacts on the medical 
field, ranging from combatting systemic fungal infections to restoring cell physiology in 
ion-channel deficient systems, underscoring the need to further understand and develop 
improved structural models for these systems. 
 
4.6 Materials and methods 
AmB homogenization: Homogenization of AmB is a crucial step in the crystallization 
process. First a 1 mM AmB solution is made using 10 mM HEPES buffer with pH of 7.0. 
The solution is heated to 80 °C for 1 hour. After removing the solution from heat, it is 
sonicated for 30 minutes. The sample cools at room temperature for 30 minutes before it 
is pelleted via ultracentrifugation at 70,000 rpm, 4°C for 30 minutes. 
 
Homogeneous AmB-Sterol Complex: A 10-15 mM AmB stock solution in DMSO is first 
prepared. Next an 80 mM stock solution of Erg in DMSO is made and diluted with DMSO 
to yield a 1 mM Erg concentration. The AmB stock solution and 1 mM Erg solution in 
DMSO are combined in a 1:3 molar ratio. The co-mixed solution is then added into a 
stirred PBS solution to obtain a 10 μM AmB solution. A UV-vis spectrum is acquired to 
confirm that sterol has bound to AmB. Upon sterol binding, the UV-vis spectrum of AmB 
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exhibits a characteristic blue-shift, as depicted in Figure 4.18, where the unbound AmB 
peak is located around 330 nm, but the bound AmB peaks are now around 360 nm, and 
the Erg is visible from 250-300 nm. 
 After confirmation of binding, the solution is first pelleted via at 4°C and 40,000 rpm 
for 1 hour. Several of these pellets are made in parallel to yield enough material to pack 
either a 1.6 mm or a 3.2 mm rotor, approximately 12-20 mg of material. After discarding 
the supernatant, the pellets are transferred to ultracentrifuge tubes and centrifuged down 
again at 4°C, 10,000 rpm for 35 minutes. After discarding the supernatant, the pellets are 
combined into a single ultracentrifuge tube and centrifuged at 70,000 rpm at 4°C for 30 
minutes. The supernatant is discarded and the pellet is washed with chloroform which 
effectively dissolves any unbound Erg. After washing the pellet with chloroform, the 
chloroform is removed and the pellet is dried under a steady stream of N2 gas to remove 
Figure 4.9: UV-vis spectra of 10 μM AmB (black), AmB:Erg unwashed complex(solid red) 
and washed AmB:Erg complex (dashed red). The AmB peaks appear in the 300-250 nm 
range, and the Erg peaks are in the 250-300 nm range. After washing the relative amount 
of Erg decreases, as demonstrated by the decrease in absorbance value in the 250-300 


























any remaining chloroform. Approximately 400 μL of PBS buffer are added to the pellet 
and the washed sample is sonicated for 30 minutes, pelleted via ultracentrifugation again 
at 4°C and 70,000 for 30 minutes. A UV-vis spectrum of the pellet is collected to confirm 
that Erg is still bound to the AmB, and upon visual inspection of the 250-300 nm region 
of the spectrum, Erg has been removed after washing the pellet with chloroform.  
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 CHARACTERIZING AMPHOTERICIN B AND STEROL INTERACTIONS 
WITH MOLECULAR DYNAMICS† 
 
5.1 Introduction 
All-atom MD simulations provide high temporal (fs) and spatial (Å) resolutions and 
it makes it  possible to obtain order parameters, information about preferred 
conformations, and distances between molecules in a complex.  Computational chemistry 
can provide insights into molecular systems that prove difficult to study and examine using 
experimental methods; however, some of the most powerful insights have been gained 
through the synergistic combination of computational and experimental techniques.  For 
example, Rangarajan et al. gained powerful insights into the human antiviral TRC 
involved in adaptive immune responses through the comparison of chemical shifts 
obtained from solution-state NMR and MD simulations.1 In addition to MD simulations 
being used to investigate biological systems, work has also been done to investigate 
interactions of small molecules and polymers to provide insights into designed polymeric 
materials which can be leveraged to improve mechanical properties of these materials.2  
One of our overarching goals is to combine experimental and computational 
approaches to understand the interactions between AmB and sterols and continue to 
develop and improve existing structural models, in order to elucidate the physiological 
structures for the AmB-sterol complexes. The computational approaches we’ve employed 
previously to examine the behavior of cholesterol (Chol) in lipid membranes3 involved all-
atom molecular dynamics (MD) simulations as well as quantum mechanical (QM) 
calculations, see Chapter 3.   
We have constructed several MD systems of AmB with and without sterols and 
lipids to mimic experimental samples and data collection conditions.  Almost all systems 
contain more than one AmB molecule which might be advantageous, given previous 
results by Sternal et al. who observed that a single AmB molecule was unable to penetrate 
membranes containing cholesterol.4  They postulated that a supramolecular complex of 
                                            
† Portions of this chapter are reproduced from the following manuscript with permission from the authors. 
Della Ripa, L. A.; Pogorelov, T.V.; Lewandowska, A.; Price, C. P; Burke, M. D.; Rienstra, C. M. Sterol 
Interactions with the Amphotericin B Sponge, In Preparation. 
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AmB, such as a monolayer on the lipid membrane surface might be necessary for 
membrane penetration and subsequent interaction and extraction of sterols.4  The 
experimental data we obtained by our SSNMR experiments, see Chapter 4, can be 
directly compared with observations from these MD simulations, and will ultimately be 
used to shape and refine our sterol-sponge model5.  
 
5.2 MD simulations of amphotericin B and amphotericin B-sterol systems 
Using the insights gained from SSNMR spectroscopy of the AmB lattice6, several 
computational systems were constructed (see 5.4 Materials and Methods) and simulated 
using molecular dynamics (MD). These systems included an AmB dimer and lattices in 
water, and two AmB lattice systems positioned above lipid membranes. The AmB dimer 
that was used is a resulting structure of QM geometry optimization with input from 
experimental data. The MD simulations of the AmB dimer and lattices in water were 
analyzed to determine first how well the distinct state A and B states, observed in SSNMR 
experiments, are preserved, especially the C5-C6-C7-C8 dihedral angle of 275° for state 
B. Additionally, quantum calculations (QM) on the AmB structures collected from the 
simulations to generate 13C chemical shieldings can be compared to experimental results 
and determine if the ensembles present in the MD simulations are representative of those 
observed in solid-state NMR experiments. 
 With regards to the AmB dimer in water, after 100 ns the B state C5-C6-C7-C8 
dihedral angle sampled the trans conformation of approximately 180°, Figure 5.1. From 
100-300 ns the B state dihedral sampled both gauche and trans conformations, ultimately 
Figure 5.1: AmB C5-C6-C7-C8 dihedral angle: A) state A and B) state B. Reference lines 




settling on the trans conformation after approximately 300 ns. Interestingly, the A state 
dihedral angle C5-C6-C7-C8, originally at 188°, remains in the trans conformation for the 
entire 700 ns. Additionally, the dimers stayed together in the head to tail orientation 
throughout the entire run, and did not break apart. After observing the different 
conformations state B was exploring respective to its C5-C6-C7-C8 dihedral angle, we 
wanted to determine if the state B C5-C6-C7-C8 dihedral angle is preserved when 
surrounded by other AmB molecules, as in the lattice. 
 The AmB molecules in the lattice I in water (see 5.4 Materials and Methods), similar 
to the dimer, remained together for the entire 500 ns simulation. However, the twenty 
seven state B molecules displayed highly varied behavior. The C5-C8 gauche “kink” in 
the polyol was not always preserved, but there are a few noticeable cases where it was 
preserved, or sampled the gauche conformation of 60°, Figure 5.2. What we wanted to 
determine was whether the particular position in the lattice had impact or influence on the 
stability of the C5-C8 “kink”. The molecule directly in the center of the lattice (13B) 
sampled both gauche and trans conformations throughout the 500 ns simulation. In 
contrast, molecules in the center of each face of the lattice, four sampled primarily the 
trans conformation, one sampled primarily the 275° gauche conformation, and another 
sampled both gauche and trans periodically throughout the simulation. Unlike the state A 
in the dimer in water simulation, state A does not always remain trans, in fact five of the 
twenty seven molecules primarily sample the gauche conformation for the C5-C6-C7-C8 
dihedral angle. Especially after observing changes in dihedral angle conformations for 
both states A and B we next wanted to investigate how well the lattice computational data 
compared to experimental observations. 
To compare how the AmB lattice system I compared with experimental results, 
QM chemical shielding calculations were run on the fifty four structures in the last frame 
of a 500 ns MD simulation. The structures were not geometry optimized in order to 
preserve their dihedral angles and conformations as they were captured by MD. The 13C 
isotropic chemical shielding values were calculated for the twenty seven state A and 
twenty seven state B molecules using the mPW1PW91/6-311G(d,p) level of theory and 
the SCRF solvent method for water using Gaussian09 software7. This was the highest 
level of theory to reliably converge for a molecule of this size in order to calculate 13C 
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chemical shieldings. The 13C isotropic chemical shieldings were converted to 13C 
chemical shifts using regression analysis in RStudio software8 v. 1.1.456.  The 
comparisons of calculated and experimental chemical shifts for state A and B are depicted 
in Figure 5.3. Overall, neither state A nor state B demonstrate close agreement between 
calculated and experimental chemical shifts for a number of atoms.  For example, the 
largest chemical shift differences occur in the C5-C6-C7-C8 region, as well as the polyene 
region. After visualizing the MD simulations, it is not surprising that the C5-C8 region, 
especially for state B, differs greatly from the experimental chemical shifts, as the dihedral 
Figure 5.2: Dihedral angle analysis from the AmB lattice system I, with the C5-C6-C7-C8 
dihedral angle for each of the 27 state B molecules plotted versus time. Lines drawn for 
reference include 180° (dotted blue), 275° (red) and 60° (dotted green).  
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angle and “kink” is not preserved. In fact, the motion that we are observing in the MD is 
much faster than what we are experimentally observing, as evidenced by the timescale 
of dihedral angle fluctuations observed for the A and B states. For example, was are not 
observing a swapping A and B states in experimental conditions.  
Although lattice system I did not agree well with experimental results after 500 ns 
of MD simulation, we also wanted to investigate the second lattice system and determine 
if re-orientation occurred between states A and state B. Surprisingly, the AmB lattice 
Figure 5.3: Experimental 13C chemical shifts for AmB compared with calculated scaled 
chemical shieldings from all twenty seven MD-based structures for A) state A and B) state 





system II did not undergo any major re-arrangement between states A and B, and the 
entire lattice remained together throughout the 500 ns simulation. 
 While the MD simulations of AmB-sterol lipid systems have not resulted in sterols 
being extracted from the membranes, there are other AmB-sterol systems which we can 
build to understand the AmB-sterol interactions.  For example, we surrounded an AmB 
lattice with fifty four molecules of Erg in a water box, see 5.4 Materials and Methods.  This 
system is similar in content to experimental AmB-Erg complex samples (see Chapter 4) 
which are currently being investigated using SSNMR. While the simulations are still 
underway, preliminary results indicate that AmB-Erg interactions are occurring, see 
Figure 5.4.  The Erg molecules within the first 500 ns have grouped together and the 
interfaces between the Erg and AmB clusters show interactions as close as 5 Å.  Distance 
measurements between AmB and sterols obtained from ongoing SSNMR experiments 
on both AmB-Erg and AmB-Chol complexes can be directly compared to distances 
obtained from structures in the MD simulations. 
 
Figure 5.4: Snapshot of an AmB – Erg system without lipids showing AmB (yellow) and 
Erg (teal) molecules within 5 Å of each other after approximately 500 ns, with a close-up 
of two AmB molecules surrounding an Erg molecule. 
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5.3 Conclusions and outlook 
 The information obtained from SSNMR studies of AmB-sterol complexes can be 
leveraged in future MD simulations. Since the MD-based chemical scaled shieldings of 
some atoms did not agree well with experimental chemical shifts, NMR-based restraints 
might be necessary in future MD simulations. In addition to 13C chemical shifts for AmB, 
we can also investigate the water populations observed in the simulations, as water 
molecules likely play an important role in AmB-sterol interactions. In fact, previous 
experiments demonstrated that there are several populations of water present in the 
experimental sample, bulk water, and water surrounding the AmB sponge. Again, QM 
calculations can be used to determine the chemical shieldings of water atoms observed 
in the MD simulations and compare this to experimental results. While MD simulations of 
AmB positioned above lipid membranes are still ongoing, we plan to build a larger-scale 
system to pursue replica-exchange9 MD simulations (REMD). The REMD simulations will 
allow us to improve sampling of energy landscapes, which may be required to observe 
AmB-sterol interactions not observed in the equilibrium 500 ns of simulation time so far. 
 
5.4 Materials and methods 
AmB Lattice I in water: The AmB Lattice I system was obtained from an XPLOR 
optimized structure6 obtained by Dr. Aga Lewandowska. There are several principle 
features of the dimers that compose the lattice. Each dimer consists of two head-to-tail 
AmB molecules, which will subsequently be named the “A” and “B” states. The unique A 
and B states, have different conformations, as determined through both experimental and 
theoretical techniques. The dihedral angles of the state A and B dimers were determined 
by Dr. Alex Greenwood through comparison of experimental solid-state NMR 13C 
chemical shifts to chemical shieldings obtained from QM structure calculations on AmB. 
The B state revealed a characteristic “kink” in the polyol chain around C5-C6-C7-C8 
dihedral angle, of 275° degrees, whereas the C5-C6-C7-C8 dihedral angle for state A is 




The lattice, Figure 5.5, has 3 dimers in each of the x, y, and z dimensions, for a 
total of 33, or twenty seven dimers. This lattice had the lowest energy ensemble and 
subsequently used in MD simulations. 
The lattice was subsequently solvated using the “Add Solvation Box” plug-in in 
VMD software10 v. 1.9.3 with 0.15 M NaCl. The solvated lattice was subjected to 500 ns 
MD simulations using NAMD v. 2.11. software11 with CHARMM36 parameters12,13 on the 
Stampede 2 supercomputer operated by TACC using our NSF-sponsored XSEDE 
allocation. Explicit TIP3P water molecules14 were used. Constant temperature of 273 K 
and constant pressure of 1 atm were maintained by Langevin dynamics15 with damping 
coefficient of 0.5 ps-1 and Langevin Nose-Hoover method16, respectively. Long-range 
electrostatic interactions were utilized with the particle-mesh Ewald (PME) method17,18 
with grid spacing of 1 Å. The hydrogen atom bond length was restrained with SETTLE 
algorithm19. The integration step was 2 fs. 
 
AmB dimer in water: A dimer was extracted from the center of the lowest energy lattice 
from Dr. Aga Lewandowska’s XPLOR calculation described in above in Section 5.4 AmB 
Lattice I in water. The dimer was then solvated using the “Add Solvation Box” plugin in 
VMD10 using 0.15 M NaCl. The solvated dimer system (Figure 5.6) was subjected to 700 
ns MD simulations. The simulations were performed as described above in Section 5.4 
AmB Lattice I in water. 




AmB Lattice II: In contrast to Lattice system I, AmB Lattice system II has a distinctly 
different orientation of molecules which constitute the dimer. The dimers are 
approximately 45° askew, making a lattice composed of twenty seven “V” shape dimers. 
This lattice was selected because it was a lower energy structure generated from the 
XPLOR calculations, and the hypothesis was that after solvating with a 0.15 M NaCl 
waterbox and subjecting to ~500 ns of MD simulations the molecules composing the 
dimers would re-orient to yield a lattice similar in structure Figure 5.4. The MD simulations 
were performed as described above in 5.4 AmB Lattice I in water. 
 
Figure 5.6: AmB dimer in water box, composed of 27 dimers, with 0.15 M NaCl. 
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AmB-Chol I: A 10:3 POPC: Chol bilayer system containing 50 molecules of POPC and 
15 molecules of Chol per leaflet was positioned under the AmB lattice system I, see Figure 
5.7. The membrane was assembled using CHARMM-GUI membrane builder20 and 
subjected to 100 ns MD simulations using NAMD v. 2.11. software11 with CHARMM36 
parameters12,13. Explicit TIP3P water molecules14 were used. Constant temperature of 
293 K and constant pressure of 1 atm were maintained by Langevin dynamics15 with 
damping coefficient of 0.5 ps-1 and Langevin Nose-Hoover method16, respectively. Long-
range electrostatic interactions were utilized with the particle-mesh Ewald (PME) 
method17,18 with grid spacing of 1 Å. The hydrogen atom bond length was restrained with 
SETTLE algorithm19. The integration step was 2 fs. The last 75ns of each trajectory 
sampled at a 100 ps step were used for analysis.  
First the AmB lattice was positioned to be at least 15 Å away from P atoms in the 
solvated POPC:Chol membrane described previously. Next, any waters or ions within 1 
Å of the AmB lattice were removed. The final addition to the system was an ionized water 
Figure 5.7: AmB Chol System I with the AmB lattice positioned over 10:3 POPC: Chol 
bilayer surrounded by 0.15 M NaCl ionized water. The lattice is composed of 27 AmB 
dimers and the membrane system contains 30 Chol molecules and was previously 
equilibrated for 100 ns. The macrocycles of AmB are horizontal to the membrane normal. 
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box with 0.15 M NaCl, constructed with the same xy dimensions as the membranous 
system and extending at least 12 Å in the z dimension above the AmB lattice. Again, any 
waters or ions within 1 Å of the lattice were removed. In the AmB:Chol system I, the lattice 
has the AmB macrocycle approximately perpendicular to the membrane normal (Figure 
5.7). AmB lattice system I was subjected to 500ns of MD simulations, which were 
parameterized as described above in 5.4 AmB Lattice I in water.  
AmB-Chol II: The AmB-Chol II system utilized the same steps for construction as outlined 
in Section 5.4 AmB-Chol I, with the main variation being the orientation of the lattice 
relative to the membrane normal. In system II, the macrocycles of the AmB lattice were 
oriented to be more parallel to the membrane normal, see Figure 5.8, with the hypothesis 
that this orientation might be more favorable for membrane insertion and ultimate 
interaction with sterols with the polyene almost parallel to the lipid tails. The AmB-Chol 
system II was subjected to 500 ns of MD simulations which were performed as described 
above in 5.4 AmB Lattice I in water. 
Figure 5.8: AmB Chol System II with the AmB lattice positioned over 10:3 POPC: Chol 
bilayer surrounded by 0.15 M NaCl ionized water. The lattice is composed of 27 AmB 
dimers and the membrane system contains 30 Chol molecules and was previously 
equilibrated for 100 ns. The macrocycles of AmB are parallel to the membrane normal. 
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AmB-Erg: The AmB-Erg system was constructed by positioning the AmB lattice system 
I, described above in Section 5.4 AmB Lattice I in water, above a 10:5 POPC: Erg lipid 
bilayer, ensuring that the AmB lattice was at least 15 Å away from the phosphorous atoms 
of the bilayer. The membrane was assembled using CHARMM-GUI membrane builder20, 
and contained 108 Erg and 216 POPC molecules per leaflet. The resulting molar ratio of 
AmB:Erg is 1:2, which was chosen to match recent unpublished experimental results 
which determined the stoichiometry of the AmB-Erg complex to be 1:2, respectively. This 
system was constructed in a similar manner to the AmB-Chol system I, in that the AmB 
lattice was first positioned over the lipid bilayer, and all waters within 1 Å from the lattice 
were removed. Next, a 0.15 M NaCl ionized water box with the same x and y dimensions 
as the lipid bilayer and with a z dimension extending at least 12 Å above the AmB lattice. 
The AmB-lipid system was combined with the ionized water box, and again any waters 
and ions within 1 Å of the lattice were removed.  
 
AmB-Erg without lipids: The AmB-Erg without lipids system was constructed by first 
starting with the AmB Lattice I in water system (see above) and a coordinate (pdb) and 
connectivity (psf) files of a single Erg molecule.  Next the Packmol program21 was used 
Figure 5.9: AmB-Erg system without lipids is composed of an AmB lattice consisting of 
27 AmB dimers surrounded by fifty four Erg molecules randomly placed at least 12 Å 
away from the surface of the lattice. 
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to pack fifty four Erg molecules around the lattice with a boundary of 12 Å, with a tolerance 
of 2.0 Å.  The resulting system was then solvated and ionized with 0.15 M NaCl to result 
in a 15 Å water boundary surrounding the Erg-surrounded AmB lattice, Figure 5.9. 
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Amphotericin B (AmB) is the archetype for small molecules that form ion channels 
in living systems and has recently been shown to replace a missing protein ion transporter 
and thereby restore physiology in yeast. Molecular modeling studies predict that AmB 
self- assembles in lipid membranes with the polyol region lining a channel interior that 
funnels to its narrowest region at the C3-hydroxyl group. This model predicts that 
modification of this functional group would alter conductance of the AmB ion channel. To 
test this hypothesis, the C3-hydroxyl group was synthetically deleted, and the resulting 
derivative, C3deoxyAmB (C3deOAmB), was characterized using multidimensional NMR 
experiments and single ion channel electrophysiology recordings. C3deOAmB possesses 
the same macro- cycle conformation as AmB and retains the capacity to form 
transmembrane ion channels, yet the conductance of the C3deOAmB channels is 3-fold 
lower than that of AmB channels. Thus, the C3-hydroxyl group plays an important role in 
AmB ion channel conductance, and synthetic modifications at this position may provide 
an opportunity for further tuning of channel functions. 
 
6.2 C3deoxyAmB derivative to probe the ion channel properties of AmB  
In addition to understanding sterol interactions with AmB, and leveraging insights 
to develop an AmB derivative with a higher therapeutic index, there are other derivatives 
of AmB that we wanted to investigate. While AmB kills yeast by binding sterols, not 
through the formation of ion channels, the ion channel forming ability of AmB was shown 
to replace a missing protein ion transporter to restore physiology in yeast1. We wanted to 
further investigate the ion channel model of AmB to gain insights on tuning channel 
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functionality to ultimately harness the power of using small molecules to remedy human 
diseases caused by missing or deficient protein ion channels. 
Molecular modeling studies predict that the AmB ion channel has its narrowest 
region near the C3-OH moiety (Figure 4.10A). In collaboration with the Burke group, the 
C3-hydroxyl group of AmB was deleted2, resulting in the C3deoxyAmB (C3deOAmB) 
derivative (Figure 4.10B), and characterized using single ion channel electrophysiological 
recordings and NMR spectroscopy combined with a conformational search method. 
It was important to determine whether this derivative had the same ground-state 
conformation as AmB, and that conformational changes cannot be used to explain 
differences in voltage clamp electrophysiological recordings between AmB and 
C3deOAmB. To test this, we determined the ground-state conformations of both AmB 
and C3deOAmB extensively by amplitude-constrained multiplet evaluation3 of NOESY 
and phase-sensitive COSY NMR data. We determined the lowest energy conformations 
A B 
Figure 6.1: A) AmB ion channel model funneling to the narrowest region at C3-OH 
(highlighted in blue). B) AmB and C3deOAmB structures. 
Figure 6.2: Overlay of the lowest energy conformations of AmB and C3deOAmB. The 




of the AmB and C3deOAmB structures using a LowModeMD conformational search 
method4 with NOESY-based internuclear distance restraints and phase-sensitive COSY-
based dihedral restraints3. Shown below in Figure 4.11, the structure-based alignment of 
the lowest energy conformations of the AmB with C3deOAmB exhibits a heavy atom 
RMSD of 0.33 ± 0.03 Å, which is comparable to the precision of each structure. Ultimately, 
within the uncertainty of this NMR-based structure determination, the ground-state 
conformations of these two compounds are identical.  
 Additionally, a 13C and 1H chemical shift comparison between AmB and 
C3deOAmB show excellent agreement (Figures 4.12- 4.15), with the exception of the 
modified C3 site and its immediate neighbors, for which the chemical shifts change due 
to well understood electronegativity effects5–7. 
Next, the conductances of AmB and C3deOAmB were determined by measuring 
the current of the single channels formed from each molecule at a range of voltages. AmB 
and C3deOAmB have single ion channel conductance of 17.2 ± 0.5 pS and 5.2 ± 0.9 pS, 
respectively. Thus, C3deOAmB demonstrates a significantly decreased conductance, 










































AmB 13C values (ppm)
C3deOAmB vs AmB 13C Chemical Shifts
Figure 6.3: Plot of 13C chemical shifts for C3deOAmB versus AmB molecule. The outliers 









































AmB 1H values (ppm)
C3deOAmB vs AmB 1H Chemical Shifts
Figure 6.5: Plot depicts 1H chemical shifts for C3deOAmB versus AmB molecule. The 
outliers are H2A, H2B, H3A, H3B, H4A, H4B, H5. 







































AmB 13C values (ppm)
C3deOAmB vs AmB 13C Chemical Shifts
Figure 6.4: Right-hand graph plots 13C chemical shift values for C3deOAmB versus AmB 




In conclusion, the deletion of the C3 atom in AmB caused a 3-fold decrease in ion 
channel conductance, but no change in macrocycle conformation. These findings are 
consistent with structural8–11 and theoretical models11 for the AmB ion channel which 
indicate the importance of the C3 alcohol in ion conductance. Taken together, the data 
suggest that other modifications at the C3-position might enable further understanding 
and/or targeted optimization of this exemplary small molecule-based ion channel. 
 
6.3 Conclusions and outlook 
Through the combination of SSNMR and computation techniques, we have probed 
AmB-sterol interactions. In particular, SSNMR of AmB-Erg complexes revealed chemical 
shift perturbations throughout the Erg molecule. Additionally, using a uniformly-13C AmB-
Erg complex revealed extensive interactions between AmB and Erg, and indicated that 
Erg might adopt several poses when bound in the AmB sponge. Although the doubly-13C-
labeled complex was washed with chloroform, there were several instances of multiple 
populations of chemical shifts for a single atom which overlapped with overlap with the 
unbound Erg resonances. The several populations of Erg that we are observing might be 
either several different conformers of bound Erg, or unbound Erg. Our future samples will 































AmB 1H values (ppm)
C3deOAmB vs AmB 1H Chemical Shifts
Figure 6.6: Plot of 1H chemical shift values for C3deOAmB versus AmB molecules with 




utilize an optimized washing protocol developed in the Burke lab to quantitatively remove 
unbound Erg from the AmB-Erg complex. After washing, these SSNMR samples can be 
used to confirm the bound Erg chemical shifts using both 13C-13C multidimensional 
experiments with DARR, SPCn and CTUC-COSY12 mixing. Additionally, 1H-13C dipolar 
recoupling experiments (R-symmetry) can be used to determine the order parameters of 
the bound Erg and elucidate whether the multiple conformations of Erg are 
interconverting, or if there are several rigid populations of bound Erg. 
 Similarly, to investigate the AmB-Chol interactions, we aim to prepare an AmB-
Chol complex without lipids to confirm the bound chemical shifts of Chol, as well as 
perform heteronuclear dipolar recoupling experiments to determine if Chol rigidifies upon 
binding with AmB. Similar to studies with Erg, we will make a doubly-U-13C-labeled AmB-
Chol complex to observe atom-specific interactions as well as collect distance 
measurements, all of which can be used in structural calculations of the complex. 
 The information obtained from SSNMR studies of AmB-sterol complexes can be 
leveraged in future MD simulations. Although the MD-based chemical scaled shieldings 
did not agree well with experimental chemical shifts, this indicates that NMR-based 
restraints might be necessary in future MD simulations. In addition to 13C chemical shifts 
for AmB, we can also investigate the water populations observed in the simulations. 
Previous experiments demonstrated that there are several populations of water present 
in the experimental sample, bulk water, and water surrounding the AmB sponge. Again, 
QM calculations can be used to determine the chemical shieldings of water observed in 
the MD simulations, and compare this to experimental results. While MD simulations of 
AmB above lipid membranes are still ongoing, we plan to build a larger-scale system to 
pursue replica-exchange13 MD simulations (REMD). The REMD simulations will allow us 
to increase sampling of energy landscapes, which may be required to observe AmB-sterol 
interactions, which have not been observed in 500 ns of simulation time.  
 Although static in nature, crystal structures of both AmB and the AmB-sterol 
complex can provide insights on changes in AmB conformation upon binding, in addition 
to sterol packing inside the sponge. The information obtained from the crystal structures 
can be used as restraints in structure calculations and MD simulations. While the crystals 




improvement in overall size and still have several conditions left to investigate in the 
optimization procedure. For example, we have worked with HEPES and PBS buffers, 
however there are other buffers that AmB can be used with, such as Tris buffer. The 
micro-crystals we have obtained can be potentially used in micro-electron diffraction 
experiments. Recently, these micro-electron diffraction have been used to determine 
structures of microcrystalline compounds14. What is particularly promising is that the 
authors were able to determine the structure of a methylene blue derivative, which 
primarily forms long, thin needles, similar to the AmB crystals we have grown. Other 
techniques which can be used to determine the structures of small-molecule crystals use 
metal-organic framework (MOF), which acts like a sponge, soaking up the molecule of 
interest and ordering it within the matrix of the MOF, ultimately subjected to x-ray 
crystallographic methods15. 
The knowledge we gain from these AmB-sterol complexes will elucidate key 
differences between AmB interactions with Erg and Chol. These differences can be 
leveraged to aid in the development of AmB derivatives with a higher therapeutic index. 
Other AmB derivatives been developed exploit the ion-channel forming capabilities of 
AmB to restore physiology in systems lacking essential ion transporters. Both the 
fungicidal sponge and ion channel models of AmB have broad impacts on the medical 
field, ranging from combatting systemic fungal infections to restoring cell physiology in 
ion-channel deficient systems, underscoring the need to further understand and develop 
improved structural models for these systems. 
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